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Abstract 
This thesis represents several steps in the development of Nitrogen-Vacancy 
Nanodiamond as an effective optical label for biological measurements and as a tool 
for nanometry and quantum information techniques. In this thesis I cover concrete 
progress in many areas of nanodiamond research, demonstrating that optical 
interactions alone can be used to control NV spin polarisation and measure NV 
temperature. I develop a method for high-contrast imaging of NV centres using 
magnetic modulation, and also show a method for measuring the Raman scattering of 
water to an unprecedented level of accuracy. This thesis also contains the outlines of 
two more experiments: one aimed at measuring NV concentration in aqueous 
nanodiamond suspensions, and another whose aim is to use multiple NV centres in a 
single nanodiamond to measure the orientation and strength of an external magnetic 
field. 
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Chapter 1 • Introduction 
 
1.1 Motivation and Importance of the Work 
The Nitrogen-Vacancy centre in diamond is quickly becoming the focus of a great deal of 
research interest, in both physics and biology. NV centres are demonstrating promise as 
versatile tools for measuring phenomena at nanometre scales. 
Optical labels are vital to cellular biology and medical imaging. The ability to observe areas 
in cells with high resolution, and to track individual molecules in real time as they traverse 
intracellular environments is only possible via the use of optical labels [4]. However, 
existing optical labels have a host of problems associated with them. Green Fluorescent 
Protein (GFP) is widely used for biological imaging, but bleaches and permanently loses 
its fluorescence over the course of a few minutes of optical pumping [5]. Semiconducting 
cadmium-telluride ‘quantum dots’ are less susceptible to photobleaching. However their 
luminescence is intermittent, making them less suitable for single-molecule tracking [6]. 
Quantum dots require biocompatible coatings in order to be effectively used in a cellular 
environment, and the long-term safety of the cadmium-based crystals is still unknown [7]. 
Diamond without NV defects have been used as scattering labels, though they are size-
limited to around 40 nm, precluding many applications inside cells [8].  NV centres in 
nanodiamond overcome all of these problems. Their luminescence is completely stable [9], 
and diamond is both bio-compatible [10] and easily functionalised [11]. These properties 
put NV-containing luminescent diamond at the very forefront of optical label research. 
In terms of nanometrology, the NV centre’s sensitivity to magnetic fields has attracted the 
most research attention. The NV centre has a spin-selective non-radiative transition, and 
the NV’s spin state can be changed with RF excitation. Magnetic field-induced Zeeman 
splitting changes these resonance energies, and Optically-Detected Magnetic Resonance 
(ODMR) has been used to measure magnetic fields with sensitivities around 100 nT/Hz1/2 
[12]. This level of sensitivity is comparable to Superconducting Quantum Interference 
Devices (SQUIDs), but is inferior to alkali-vapour magnetometers [13]. NV nanodiamond-
based magnetometers are capable of spatial resolutions well below 100 nm, which is far 
better than competing technologies. However it is significant that, to date, NV 
magnetometers have been exclusively vector magnetometers, able to measure the 
strength of a magnetic field in the direction of only a single NV centre axis [14], when 
diamonds host four possible NV centre orientations. 
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Temperature sensing on the nanoscale is attracting a great deal of research interest. The 
ability to measure temperature variations on the nanoscale can increase our knowledge of 
cell function [15] and aid in the development of therapeutic heating [16] or cooling 
techniques [17]. A number of technologies have been proposed to fill this space, including 
quantum dots and green fluorescent protein [18]. So far, these methods are unable to 
measure temperature changes smaller than 0.2 K. The NV centre’s luminescence has 
demonstrated strong dependence on external temperature. The NV’s zero-field splitting 
parameter demonstrates pronounced changes with temperature [19] and it has recently 
been shown by three groups that precise measurements of these changes in 
nanodiamonds can measure temperature variations around 1 mK [20], [21], [22]. Research 
has also determined that the luminescence lifetime of the NV centre decreases by a factor 
of 4 between 300 and 670 K [23]. Additionally, it has long been known that the NV centre’s 
zero-phonon line is detectable at room temperature [24]. Since the zero-phonon line is 
strongly temperature dependent, this provides another as yet unexplored means by which 
the NV centre may be used to measure temperature changes. Lastly, it should be noted 
that knowledge of the NV centre’s temperature dependence is important regardless of its 
application as a nanothermometer, since strong changes in the NV centre’s behaviour 
could reduce the accuracy of other measurements – for example, changes in the zero-field 
splitting parameter due to temperature changes may make measurements of Zeeman 
splitting less accurate.  
Finally, measurements of the absorption cross-section of the NV centre using pulsed 
excitation [2] lead to observations of an anomalous reduction in luminescence intensity at 
laser pulse energies ~1 µJ [25]. The existing literature provides no mechanism for this 
effect, as aspects of the electronic structure of the NV centre are not well understood [26], 
especially the ordering of the singlet states. A deeper understanding of the anomalous 
luminescence mechanism could yield insights into these questions. 
Given the above, it is clear that NV centres in nanodiamonds have the potential to deliver 
serious improvements over existing technologies in a range of fields. Therefore, better 
understanding and characterisation of the NV centre’s behaviour is of paramount 
importance. 
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1.2 Aims and Scope of Thesis 
The NV centre in diamond shows clear potential in biological applications and for 
measurements on the nanoscale. Before this thesis, significant questions remained about 
how to measure the concentration of NV centres in dispersed diamond nanocrystals. An 
accurate method for doing this is important for the advancement of NV diamonds as 
optical labels, as much work remains to be done in maximising NV concentration in sub-10 
nm diamonds. Currently, the use of the NV centre as an optical label is hampered by the 
low NV concentration in small diamonds. Before this thesis, the only way of overcoming 
this problem used RF excitation to induce a change in NV luminescence. As this method 
has the potential to heat biological samples unduly, a method of increasing contrast for 
biological imaging is desired. The question of the NV centre’s anomalous response to 
pulsed excitation around 1 µJ is also worthy of investigation, as it has the potential to 
increase our understanding of the NV centre’s electronic structure. Finally, magnetic field 
sensing and thermosensing using NV centres are areas of active research. In these fields, 
questions exist regarding the dynamics of the excited state, and the sensitivity of the 
system to changes in temperature. 
The work described in this thesis serves to further the NV centre as an optical label for 
biological applications, and as an emerging technology for measuring electromagnetic and 
thermal phenomena at submicron scales. 
The scope of this thesis is therefore: 
1. To investigate methods of accurately determining NV concentration in aqueous 
suspensions of diamond nanocrystals. Specifically, this involves using the Raman 
scattering coefficient of water as an absolute reference with which to compare NV 
luminescence. 
2. To investigate the previously observed anomalous luminescence response to high 
energy pulsed laser excitation, and develop a model that explains the observations. 
3. To develop a method of making high-contrast images of NV centres in similarly-
fluorescing biological environments. Such a method must avoid disturbing the 
environment being imaged. 
4. To further develop NV centres in nanocrystals as magnetometers. Using the fact 
that NV centres exist in multiple orientations within a crystal will allow us to 
determine both the magnitude and direction of an external field. 
5. To investigate the temperature dependence of the NV centre. There are two main 
avenues of investigation involved: 
a. To determine whether the dependence of various luminescence 
characteristics on temperature can be used for nanothermometry at 
competitive levels of accuracy. 
b. To determine whether and to what extent these same dependencies 
negatively affect the NV centre’s accuracy in magnetic field strength 
measurements. 
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1.3 Outcomes and Contributions 
In this thesis, I describe a number of concrete contributions to the field of nanometrology 
using NV centres in nanodiamond. 
The measurement of the Raman scattering coefficient of water described herein is more 
accurate than all previous measurements by a factor of 10, allowing water to be used as a 
convenient, cheap, and stable standard for absolute measurements of photon flux, as is 
needed for luminescence quantum yield and scattering coefficient measurements. 
The NV centre’s potential applications have been greatly advanced with the discovery that 
high-energy laser pulses can induce spin depolarisation. Previously it had been thought 
that optical pumping could only spin-polarise the system, necessitating RF excitation or 
external magnetic fields to depolarise. With this discovery, we have shown that complete 
control over the NV centre’s polarisation can be achieved using pulsed laser excitation 
alone. 
Furthermore, this experiment has also given us insight into the electronic structure of the 
NV centre’s singlet state. Any further development of the NV centre in quantum 
information applications is strongly dependent on deep knowledge of the centre’s non-
radiative transitions. 
The ability to use single nanodiamonds to characterise both the strength and the 
orientation of nanoscale magnetic fields represents a concrete advance. Previous work 
had focussed on using individual centres as vector magnetometers, only able to determine 
the strength of an external field in one direction. The use of multiple NVs to more fully 
characterise magnetic fields is a step forward for the field of nanomagnetometry. 
Finally, the characterisation of temperature effects on NV centre luminescence is very 
important, as the accuracy of other NV-based measurements can be strongly affected by 
such environmental conditions. The discovery that continuous wave laser excitation can 
heat crystals well above room temperature could render the NV centre less useful as a 
nanoscale thermometer. 
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1.4 Structure of the Thesis 
In Chapter 2 I discuss the state of the art regarding nanometrology using NV centres in 
diamond. First, I review current technologies for biological labelling, temperature and 
magnetic field measurement. Next, I consider the NV centre’s demonstrated capabilities as 
a biological label, magnetometer, and thermometer in a literature review. Finally, some of 
the ongoing research questions in the study of NV centres are reviewed. 
Chapter 3 describes the apparatus I used to make the measurements described in the rest 
of the thesis. I discuss the design and characterisation of a wide-field microscope capable 
of detecting luminescence characteristics of single defect emitters, such as luminescence 
spectra and lifetime. Also discussed are the design characteristics of a short-range radio-
frequency antenna for stimulating spin-projection transitions in NV centres. 
Chapters 4 to 7 discuss experiments that I contributed to. Chapter 4 describes an 
experiment to measure the Raman scattering coefficient and depolarisation ratio of water 
to an unprecedented degree of accuracy, using the luminescent dye Rhodamine-6G as a 
reference [27]. I also discuss the way that this result can be used to more accurately 
characterise the concentration of NV centres in water suspensions of NV nanodiamonds. 
Chapter 5 describes the first recorded instance of optically-induced spin depolarisation in 
NV centres [1]. Measurements of luminescence lifetime, magnetic field response, and 
luminescence spectra are used to demonstrate that the spin-polarisation of the NV centre 
can be controlled exclusively using high and low energy laser pulses at optical 
wavelengths. 
In Chapter 6 I describe an experiment, published here [28], that demonstrates the ability to 
generate high-contrast images of NV centres with large amounts of background noise. The 
method only requires an external magnetic field, allowing delicate biological environments 
to remain undisturbed. 
Chapter 7 is in two parts. The first part covers the demonstration of a system for using 
bright NV nanodiamonds as magnetic field sensors capable of measuring both the 
strength and orientation of an external field. The applications of this system in probing the 
electronic structure of the NV centre’s excited state is also explored. In the second part of 
Chapter 7, the NV centre’s response to temperature changes is explored. I describe an 
experiment, published here [29], in which NV-containing nanodiamonds are heated in 
excess of 200°C using only continuous-wave excitation. The consequences of this 
observation for other nanometrology applications are also explored. 
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Chapter 2 • Background 
 
2.1 Introduction 
In this chapter I detail the context in which this thesis was done, and more concretely point 
out the motivation behind the project. I accomplish this by providing a review of relevant 
literature. 
Broadly, there are five sections to the chapter, concerning the five areas of research dealt 
with in this thesis: optical labelling, magnetometry, thermometry, NV concentration 
measurements, and NV electronic structure. In the first three sections, I analyse the 
suitability of NV nanodiamonds as labels and nanometrological instruments by reviewing 
the current literature on both the centres themselves and their nearest competitors. I also 
endeavour to identify some of the problems stymieing further development of the NV 
centre in these applications, where they exist. In the last two sections, I review some of the 
practical and theoretical problems faced by researchers seeking to advance the 
applications of NVs in nanodiamond. Finally, I detail some of the other applications of NV 
diamond developed to date, including electric field sensing and quantum information 
processing. These applications are only tangentially relevant to the main body of the 
thesis, but nonetheless demonstrate the wide applicability of NV diamonds and provide 
further motivation for the thesis.  
Each subsequent chapter also provides a similar review, with references more specific to 
the work conducted. 
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2.2 NV Diamond in Biological Experiments 
Conventional microscopy is diffraction-limited. For a microscope objective with 
numerical aperture NA, the smallest resolvable size possible d is given by the Abbe 
diffraction limit d = λ/2NA, where λ is the wavelength of light being used. For visible 
wavelengths, this condition sets the minimum resolution on the order of hundreds of 
nanometres. Processes of interest in cellular biology can arise due to the interactions 
of individual proteins, which are on the order of a few nanometres in size. Electron 
microscopy is capable of imaging these single molecules, but cannot distinguish 
different chemicals, and requires preparations that preclude long-term real-time 
imaging in vivo, due to accumulated cell damage [30]. 
There are many optical labels being used today for sub-diffraction-limit microscopy. 
Technologies fall into two broad categories: scattering labels and fluorescent ones. 
Scattering labels include gold nanoparticles [31] and diamond nanoparticles [8]. 
These labels work by scattering incident light toward the collection device. Scattered 
light is of the same wavelength as the light incident upon it. Luminescent labels are 
those that undergo fluorescence, absorbing an incident photon and subsequently 
emitting a lower energy photon. Labels that work with this method include quantum 
dots [32], green fluorescent protein [5] and NV centres in diamond [9].  
In scattering labels, particle size is the biggest problem, as the light scattered by 
particles in dark-field scattering measurements can vary with the sixth power of the 
particle size. Because of this, in order to effectively scatter light nanoparticles need 
to be, at minimum, around 50 nm [8]. Particles in this size regime have many 
applications in biological measurements. However, to be widely applicable for in vivo 
experiments, particles need to be filterable by the kidneys, which imposes a limit on 
the maximum size (on the order of 10 nm) [33]. Additionally, light scattered by these 
particles does not change wavelengths. This prevents experimenters from using the 
same optical elements to direct both the incident and scattered light, or using filters 
to differentiate between incident and scattered light. Recently, however, 
interferometric scattering microscopy [34] has been developed, which takes 
advantage of interference between a scattering particle and light reflected from the 
cover slide to stably image particles that are an order of magnitude smaller than that 
achievable by other scattering methods. This method has been demonstrated 
tracking virus particles with sub-diffraction-limit precision [35]. 
A number of luminescent labels are the subject of active research today. Labels like 
the green fluorescent protein are subject to bleaching [5]. The protein is oxidised 
over a few excitation cycles, destroying the luminescent transition. CdSe ‘quantum 
dots’ are also subject to luminescence intermittency [36], and the dynamics of this 
intermittency have been studied extensively [37]. A recent paper [38] shows that 
Auger recombination between the CdSe core and the CdS surface plays an 
important role in luminescence intermittency. In the cited experiment, the generation 
of quantum dots with thicker shells isolated the luminescent core from the dot’s 
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surface, nearly eliminating luminescence intermittency at low temperature. Toxicity is 
also an issue for ‘quantum dots’, as they are made of highly cytotoxic heavy metals 
[39]. Preventing these luminescent markers from causing damage in biological 
environments thus requires the use of biologically inert coatings [40]. These coatings 
are inconvenient to apply, subject to degradation or incomplete coverage, and add to 
the size of the quantum dot. 
NV diamonds are by and large photostable, showing no variations in luminescence 
intensity after months’ worth of excitation cycles [10]. Research has demonstrated 
some luminescence intermittency in NV diamonds below 10 nm [41], which is one of 
the issues facing groups trying to make smaller NV-containing diamonds. NV centres 
luminesce at a peak wavelength of 680 nm, far removed from the peak absorption 
wavelength around 575 nm. The current practical size limit for NV diamond is around 
10 nm, though promising work is ongoing to bring this down to 5 nm [42]. 
The toxicity of nanodiamonds has been the subject of a great deal of debate and the 
conclusion has been that, in most cases, nanodiamonds are not cytotoxic [10], [43]. 
The toxicity of nanodiamonds is highly dependent on the surface properties of the 
nanocrystal and the type of cell.  For example, the presence of carboxylic anhydride 
groups on the diamond surface have been shown to give the crystals potent 
antibacterial properties [44]. These groups are a natural result of oxidation of the 
diamond surface, and they can be easily added or removed from a sample. The 
bactericidal effect of the diamonds could be greatly attenuated by environmental 
conditions – a high concentration of Bovine Serum Albumin greatly increased 
viability. Nanodiamond has been successfully used to no ill effect in many cell 
tracking experiments, tracking transplanted lung cells in vivo [45], and mouse liver 
and mammary cells for tumour treatment [46]. Nanodiamond is only very rarely found 
to be dangerous, and the danger is almost always found to be associated with 
unfavourable surface chemistry due to oxidation. For example, one study found that 
5 nm crystals were slightly more toxic than 100 nm crystals [47]. The source of the 
elevated toxicity was thought to be the comparatively unfavourable surface 
chemistry. Similarly, raw nanodiamonds that had not been treated after the size-
reducing oxidation process were found to generate more DNA damage in cells, as 
evidenced by an increased presence of DNA repair proteins [48].  The incidence of 
DNA damage was much reduced for ‘pure’ nanodiamonds.  
The diamond surface can also be functionalised [49], that is, treated to enable 
bonding with a number of different types of surface coating. The primary method by 
which this is accomplished is oxidation of a diamond sample, adding negatively 
charged COO- groups to the surface. Positively charged amino groups can then be 
adsorbed by the diamond surface [50-52]. Diamond functionalised in this manner is 
quite effective at adsorbing proteins. One experiment introduced functionalised 
nanodiamond particles into a dilute protein solution, then burned the combined 
diamond and protein sample in a mass spectrometer [53]. Using functionalised 
diamond to adsorb proteins in a low concentration solution increased the detection 
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efficiency of the proteins by two orders of magnitude. Achieving fine control over this 
functionalization – maintaining the functionality of adsorbed antibodies, for instance – 
is an ongoing challenge in the field. A recent experiment increased the applicability 
of nanodiamonds in biological environments by encapsulating them in translucent 
silica shells modified with polyethylene glycol chains. The shells improved 
nanodiamond penetration into cells and allowed covalent bonding of a model peptide 
[54].   
In point of fact, functionalised diamond is so effective at adsorbing proteins that there 
are examples of it being used as a sort of ‘glue’ for other luminescent proteins. In 
one early experiment, functionalised but non-luminescent 5 nm diamond was used to 
adsorb and immobilise the protein cytochrome C. Another luminescent dye was then 
attached to the diamond to verify the adsorption [55]. This adsorptive property has 
been used to mitigate the effects of toxins: in one experiment, ingested 
nanodiamonds were able to adsorb the toxic product of Aspergilius flavus and A. 
paraciticus, two toxic fungi commonly found in livestock [56]. Proteins attached in 
this manner retain their activity. A 2008 paper [57] describes an experiment in which 
luminescent nanodiamonds conjugated with bungarotxoin-α allowed researchers to 
observe the toxin’s mechanism of action within a cell. High levels of activity have 
been observed with other conjugated proteins [58]. By controlling the chemistry of 
the surrounding medium, it has been demonstrated that the activity of insulin 
conjugated to nanodiamond can be actively tuned, demonstrating the potential for a 
customisable drug delivery system [59]. 
Size is the main factor preventing the widespread adoption of NV diamonds as 
biological labels. Fluorescent nanodiamond particles on the order of tens of 
nanometres are common. Nanocrystals of this size are readily taken in by cells via 
endocytosis [60, 61]. However, probing the inner workings of cells requires 
observation of single-molecule interactions and access to the cell nucleus. To make 
these sorts of observations requires probes 5 nm or less in size. Researchers have 
so far been unable to create sub-5 nm diamonds with an average of 1 or more NV 
centres per crystal [42]. There are a number of reasons behind this problem. One 
problem is that the chance of successful NV implantation is proportional to the 
crystal volume. For example, if we attempt to reduce the crystal size by a factor of 3, 
we find that the chance of successful NV implantation is reduced by a factor of 33: 
27.  It should be noted that substitutional nitrogen concentration in diamond is not at 
issue. If 100% of nitrogen atoms in nitrogen-rich diamond samples could be 
converted to NV centres, sub-5 nm diamonds would be a reality. The difficulty lies in 
introducing lattice vacancies into diamond, to form NV centres. When annealing the 
diamond crystal, vacancies can do a number of things. They can migrate to the 
crystal surface and become unavailable for forming NV centres. This problem 
becomes more pronounced as the crystal size decreases. Vacancies can form 
divacancy centres with no nitrogen, or nitrogen divacancy centres. Neither of these 
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centres displays the same luminescence as NV centres. Annealing can also cause 
the lattice to shift in ways that destroy the vacancy altogether. 
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2.3 NV Centres as Magnetometers 
Nanometre spatial resolution is required. The aim of highly sensitive 
nanomagnetometers is to measure the magnetic field of individual electron and 
proton spins. The electron spin’s magnetic field is only 1 µT at 10 nm distance, and 
the field due to the proton’s spin is an order of magnitude smaller. Magnetic 
Resonance Imaging is currently used to study biological structures, particularly in 
diagnostic applications. However, MRI is only capable of micrometre scale resolution 
[62]. Biologists demand imaging resolutions on the atomic scale, to study the 
structure of complex molecules like proteins. Single-spin detection is required. 
There are a number of technologies already in place to measure magnetic fields. 
Superconducting QUantum Interference Devices (SQUIDs) [63], Hall Effect 
magnetometers, alkali vapour magnetometers [64], magnetoresistive devices, and 
Spin-exchange relaxation-free magnetometers [65].  
NVs are especially attractive for biological applications, as its presence inside the 
relatively chemically inert diamond crystal means that NV luminescence is 
unaffected by many aspects of the biological environment, like pH. However, as is 
noted later in this chapter and thesis (Chapter 7 specifically), the NV centre’s 
magnetic resonance is affected by the temperature of the diamond crystal. Diamond 
itself conducts heat very well, which means that it will very quickly take on the 
temperature of its environment. 
NV diamond’s key advantage for magnetometry is its size [66]. Though the NV 
centre is not as sensitive as, for example, a SQUID, NV centres can be moved 
orders of magnitude closer to the source of magnetic field under observation, 
yielding benefits due to the magnetic field’s r2 strength dependence. Optical readout 
is another advantage for the NV centre.  Magnetic resonances in the NV centre can 
be measured optically. 
As stated above, detector size is of paramount importance for improving the NV 
centre’s resolution and sensitivity. Therefore, there has been a major research focus 
on increasing the density of NV centres in diamond. 
Previously, the NV centre’s temperature sensitivity had negatively affected its 
accuracy as a magnetometer [19]. Magnetometry with the NV centre is based on a 
measurement of the energy difference between the ms = 0 sublevel of the ground 
state and the ms = ±1 sublevels. The Hamiltonian of an NV centre in the presence of 
a magnetic field in the spin basis is  
𝐻 = 𝐷𝑆𝑧
2 + 𝑔𝜇𝐵𝑩 ∙ 𝑺 + 𝐴𝑺 ∙ 𝑰                                      (2.3.1) 
                                      
Here, D is the zero-field splitting parameter, around 2.85 GHz, S is the spin operator, 
Sz is its z component, where the z-axis is parallel to the Nitrogen-Vacancy axis, g is 
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the electron g factor for the NV centre, B is the vector describing the magnetic field, 
A is the hyperfine splitting parameter, and I is the nuclear spin of the 15N isotope. 
Magnetometry with the NV centre relies on the measurement of the energy splitting 
between the ms = 0 sublevel of the ground state and the ms = ±1 sublevels. In the 
presence of a magnetic field, Zeeman splitting [67] separates the normally 
degenerate ms = ±1 sublevels, and it is the magnitude of this splitting that is used to 
measure the magnetic field. 
As can be seen from the Hamiltonian, however, magnetic fields are not the only thing 
that changes the splitting between the ms = 0 and ms = ±1 sublevels of the ground 
state. The parameter D can also be affected by external electric fields and 
temperature changes. Though the NV centre’s Hamiltonian demonstrates 
dependence on both external magnetic fields and temperature, these dependencies 
are not themselves linked. This fact has been taken advantage of recently [68], 
where microwave pulses were used to send the system into |𝐵 > =  
|1>+|−1>
√2
, a 
superposition of the ms = ±1 spin sublevels called the bright state. The system is 
allowed to freely evolve, and some of the population goes into |𝐷 > =  
|1>−|−1>
√2
, 
called the dark state. The frequency with which this evolution happens can be shown 
to be independent of the parameter D, which means that this frequency is completely 
independent of the NV centre’s temperature. When another microwave pulse 
identical to the original is sent to the NV centre, only the portion of the population still 
in |𝐵 > will return to the ms = 0 sublevel. Therefore, the fluorescence intensity after 
the second microwave pulse will depend on the frequency at which the bright state 
transferred to the dark state. This frequency is dependent only on the external 
magnetic field, thus yielding a temperature-independent optically-read measurement 
of a magnetic field external to the NV centre. 
The optically detectable magnetic properties of NV nanodiamond have been used in 
a number of biological experiments, demonstrating the system’s resistance to the 
kinds of noisy backgrounds that usually characterise attempts to make quantum 
state measurements in biological environments. In one experiment, NV nanocrystals 
were implanted in a chicken breast. The 3-D position of the crystals within the highly 
scattering environment was non-invasively determined by measuring the magnetic 
field-dependent fluorescence of the NV centres. Lock-in amplification was used to 
amplify the fluorescence change, which was on the order of 0.1% [69]. Another 
experiment used the protein ferritin, conjugated to NV nanodiamonds. The ferritin 
molecule contains paramagnetic iron, and the resulting magnetic field was detected 
by the NV diamonds conjugated to the ferritin [50]. The technique used in this 
experiment involves measuring the longitudinal spin relaxation time (referred to as 
the T1 time) of the NV centre’s ground state. This technique was first demonstrated 
by using attaching gadolinium ions to the diamond surface. A single NV centre 
hosted in a 10 nm crystal demonstrated exceptional sensitivity – 14 spins over a 10 
second measurement window [70].    
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2.4 NV Centres as Thermometers 
There are many processes, in fields ranging from biology to micro-electro-
mechanical systems engineering, which can benefit from precise measurements of 
temperature variation [71, 72]. Cells are some of the most complex and noisy 
environments in which to conduct nanoscale measurements. The miniscule 
temperature changes and wide variety of interfering chemical and electromagnetic 
phenomena have meant that many contemporary experiments have come up 
woefully short [73]. Continuous monitoring of the microscopic environment is of 
course ideal, but at the very least, a nanothermometer must be able to measure 
temperature variations during processes that last, at most, a few seconds. 
Quantum dots have shown some promise as nanoscale thermometers [15]. The 
wavelength of their emission is temperature-dependent. Gold nanoparticles bonded 
to fluorescent dyes using a temperature-sensitive bonding agent [74] have also been 
used to measure temperature variations. The luminescence of the dye was 
quenched until the bonding agent dissociated at a target temperature [75]. Similarly, 
gold nanoparticles coated with Rhodamine B fluorescent dye have also been used to 
measure temperature. The luminescence lifetime of the dye is dependent on 
temperature, similar to the NV centre [76]. 
Some of the systems described above have limited effectiveness. Their flaws are 
generally the same as the flaws revealed when trying to use similar systems as non-
thermosensitive luminescent labels. Quantum dots are made from highly toxic heavy 
metals, which mitigate their widespread use in biological experiments. Methods 
using fluorescent dyes like Rhodamine B are limited by the fast photobleaching of 
these dyes, making extended observations impossible. As in other applications, the 
NV centre’s advantages are clear – low cytotoxicity and no photobleaching 
recommend the NV centre for biological applications above the other described 
systems. 
There are two main results so far which have demonstrated the NV centres 
application as a nanothermometer. In 2010, a study of the luminescence lifetime of 
the NV centre [23] at temperatures ranging from 300 K to 670 K was published. It 
found that in this range, luminescence and luminescence lifetime both decreased 
markedly, by average factors of 4 and 2.7 respectively. While that study reported a 
wide variation in luminescence change with temperature between crystals, the 
demonstration of the NV centre’s potential as a high-temperature nanothermometer 
is still compelling. 
More recently, in 2013, a number of groups [20, 22] have reported the use of NV 
centres as nanothermometers with extremely high temperature and spatial 
resolution. Their method relies on optical measurements of the NV centre’s magnetic 
resonance. The NV centre’s zero-field splitting parameter, which determines the 
energy difference between the ms = 0 and ms = ±1 spin sublevels, is highly 
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temperature dependent. This had previously [19] been considered a hindrance to 
precise magnetic field measurements, but the temperature dependence was found to 
be precise enough for thermometry. 
The dependence of the NV centre’s magnetic resonance on both external magnetic 
fields and temperature can be a problem when trying to measure either phenomenon 
in isolation. As we can see from equation (1), however, the temperature dependent 
term in the NV centre’s Hamiltonian is separate from the magnetic field dependent 
term. This fact has been taken advantage of recently by one group [21], who used 
specific near-resonance RF pulse sequences to induce oscillations between the ms = 
0 and ms = ±1 spin sublevels. These oscillations were measured as changes in the 
NV centre’s fluorescence, with the phase of the oscillations being used to measure 
the NV centre temperature to a reported accuracy of 25 mK·Hz-½. Importantly, their 
adjustments of the RF pulse sequence also allowed them to extend the spin 
coherence time of the NV centre. They report that maximising the spin coherence 
time of the NV centre in this way could push the accuracy of temperature 
measurements up to as much as 10 mK·Hz-½. 
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2.5 NV Concentration Measurement 
The method and accuracy of NV centre concentration measurement depends on the 
type of sample being measured. In bulk diamond samples, concentration 
measurement is relatively simple. The Beer-Lambert Law is used to measure the 
density (N) of NV centres in a bulk diamond sample, based on the ratio of incident 
(I0) to transmitted (I) light passing a distance (l) through the sample. The Beer-
Lambert Law states that the ratio is logarithmic, 
𝐼
𝐼0
=  𝑒−𝜎𝑙𝑁                                                                          (2.5.1) 
Here σ is the absorption cross-section of the NV centre. In micro- or nano-crystalline 
samples, a Beer-Lambert measurement will not be sufficient to measure NV 
concentration. The NV concentration in such samples was generally modelled using 
Monte Carlo methods [42], using the known concentration of substitutional nitrogen 
in the sample, along with estimates of vacancy creation rates from simulations of the 
irradiation process. 
While an accurate measurement of laser intensity and bulk sample size are quite 
simple to attain to a high degree of precision, the Beer-Lambert law measurement is 
dependent on accurate knowledge of the NV centre’s absorption cross-section. This 
had been measured a number of times in the past, but the obtained values do not 
agree with each other well [77], [78]. In dispersed sub-micron crystals, there existed 
no method for accurately measuring NV concentration. This left researchers 
completely reliant on computer modelling to determine NV concentration in these 
samples. 
In 2010, I helped develop a process to accurately measure the absorption cross-
section of the NV centre, and to count the number of NV centres in dispersed 
diamond nanocrystals [2]. Under continuous excitation of intensity I, the NV centre’s 
photoluminescence intensity R will be given by 
𝑅 = 𝑅∞(𝑘)
𝐼
𝐼 + 𝐼𝑆(𝜎, 𝑘)
                                                      (2.5.2) 
R∞ is a factor that accounts for the detection efficiency of our apparatus and the NV 
centre’s quantum yield, k denotes a combination of the various transition rates in the 
NV centre, both radiative and non-radiative. The saturation intensity, IS, is dependent 
on the centre’s transition rates and the absorption cross-section, σ. 
In principle, a measurement of the luminescence intensity, under a known quantity of 
CW excitation and in a well characterised detection system, can enable us to 
measure the absorption cross-section of the NV centre. However, as this also 
requires knowledge of all of the NV centre’s transition rates, the method quickly 
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becomes inaccurate, especially in light of the lack of clarity regarding the exact 
number and type of the NV centre’s nonradiative transitions [26]. 
We overcame this problem using pulsed excitation. If pulses are shorter than the 
shortest relaxation in the system, and repeat at a rate slower than that of the 
system’s most long-lived transition, then no pulse will be incident on an NV centre in 
the excited state. The luminescence output we observe will therefore become 
𝑅 = 𝑅∞(1 − 𝑒
−𝜎𝐸)                                                        (2.5.3) 
Here E (units of photons per cm2) is the energy density of a single pulse at the NV 
centre. This  By measuring the intensity distribution of our excitation laser along with 
the luminescence intensity of the NV centre, we were able to determine the 
absorption cross-section of the NV centre to unparalleled accuracy (4 times better 
than previous measurements). Characterisation of the collection efficiency of the 
optical elements in our microscope allowed us to calculate the number of NV centres 
in observed crystals. 
The method outlined above works well to count NV centres in individual crystals. A 
sufficiently motivated researcher could in principle gather good statistical data about 
NV concentration in dispersed nanocrystalline samples in this way. However, to 
rapidly assess the concentration of NV centres in a dispersed sample, we require 
another method. Chapter 4 is a description of work resulting from our attempt to 
more rapidly measure NV concentration. 
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2.6 Ongoing Problems in NV Centre Research 
At present, 5 nm diamonds with an average of 1 NV centre each are the current goal 
of research into NV diamond size reduction research. In this size regime, diamonds 
will be able to pass unhindered into cell nuclei, enabling electromagnetic and thermal 
measurements, along with drug tracking. Particles of this size can also be excreted 
by the kidneys, enabling safe in vivo experiments. Furthermore, separate NV crystals 
with 5 nm separation are desired for quantum information applications [79].  
Though there exist nanodiamond samples around 5 nm with some NV centres [42], 
the concentration has not yet reached 1 NV centre per crystal. At present, 10 nm 
crystals with an average of 1 NV centre per crystal are widely available. Detonation 
synthesis is capable of creating 5 nm crystals, but implanting NV centres in 
detonation crystals has proven difficult. The alternative to creating 5 nm crystals in 
which NVs are then created is to reduce the size of larger crystals with higher NV 
concentrations. While this has so far proven to be the better option, the size 
reduction has not yet reached the 5 nm mark. Additionally, since NV centres are 
defects within the diamond crystal, there exists no way to chemically or physically 
differentiate between NV and non-NV crystals other than fluorescence. 
NV centre production in sub-10 nm diamond is inhibited by a number of factors. The 
foremost problem is the rapidly diminishing probability of NV centre formation. For an 
NV centre to form, an implanted lattice vacancy must be moved into the vicinity of an 
existing substitutional nitrogen defect. Lattice vacancies are shifted through the 
crystal with high-temperature (750-800°C) annealing. As the crystal becomes 
smaller, the probability that a given vacancy will be shifted to the surface increases. 
Vacancies on the surface do not shift back into the crystal and so cannot form NV 
centres. Monte Carlo simulations of NV formation chance [80] show that, in the sub-
10 nm regime, the probability of NV formation is proportional to the square of the 
crystal radius. Naïvely, one might expect to be able to increase the chance of NV 
generation by increasing the intensity of irradiation, thus generating more vacancies 
to account for the higher probability of vacancies migrating to the surface. However, 
two vacancies can merge, forming divacancy centres that are stable under 
annealing. Multiple-vacancy centres can also form with more than two vacancies.  
The above-cited work [80] represented a break with the previously-established 
consensus regarding diamond size and its relation to the possibility of NV formation. 
It was previously suspected that inherent problems would prevent the formation of 
NV centres in small, detonation-synthesised diamond. The proximity to the surface 
was thought to induce quenching, and it was thought that centres would be less 
stable in such small crystals. Efforts therefore focussed on reducing the size of larger 
crystals that already contain NV centres, by either oxidation or ball milling [81].  
Nitrogen concentration is an important factor when attempting to maximise NV 
concentration in a diamond sample. In synthetic diamond, a range of factors have 
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been shown to strongly influence substitutional nitrogen concentration in diamond 
samples. For example, one experiment [82] has demonstrated that fairly small (60 K) 
differences in the temperature of the synthesis process can result in a fivefold 
increase in nitrogen concentration. Another experiment [83] demonstrates that the 
addition of a doping agent (in this case, sodium azide NaN3) can yield diamonds with 
nitrogen concentrations up to 1500 ppm. The choice of catalyst in the creation 
process is also important. Another experiment demonstrates that a non-metallic 
catalyst (BN boron nitride) can yield nitrogen concentrations four to five times greater 
than a metallic (NaCl sodium chloride) catalyst. Analysis suggests that nitrogen 
concentrations in detonation nanodiamond do not greatly vary from those present in 
HTHP-grown diamond samples [80], and a later publication has shown that nitrogen 
concentration is highly dependent on the choice of explosive material used in 
diamond creation, with melamine-containing explosives yielding crystals with two to 
three-fold higher nitrogen content [84]. One interesting approach to achieving high 
NV concentrations involves high-pressure high-temperature synthesis applied to 
detonation nanodiamonds, sintering them into clusters with NV concentrations an 
order of magnitude better than crystals generated using CVD or conventional HPHT 
synthesis [85]. The 800°C temperature at which the detonation crystals were 
sintered is credited with the high NV yield, as previous work suggests this is an 
optimal temperature for converting individual nitrogen impurities and lattice 
vacancies to NV centres. Recent work suggests that there is a limit to the benefit to 
NV formation that can be gained by increasing nitrogen concentration [86]. While it 
was reported that NV concentration increased linearly with nitrogen concentration 
between 100-200 ppm, a sample with a factor of two increase in nitrogen 
concentration showed no increase in NV concentration after treatment. A greater 
presence on defects and impurities was thought to be the source of these 
observations, demonstrating the careful balancing of crystal properties required to 
optimise NV yield in nanocrystals. 
Quantum efficiency, also called quantum yield, is an important parameter in the 
study of the NV centre’s dynamics. The quantum efficiency of an optical transition is 
defined as the ratio of photons absorbed to photons re-emitted. High quantum 
efficiency is sought after in all NV centre applications. When using the NV centre as 
a biolabel especially in vivo, it is important to minimise the intensity of the excitation 
beam, as heating can damage biological samples. In quantum information 
applications, exact knowledge of the NV centre’s quantum state is of critical 
importance. More specifically, we can define the quantum yield of the NV centre’s 
optical transition η in terms of the radiative and nonradiative transition rates (kr and 
kn respectively) like so [87], 
𝜂 =
𝑘𝑟
𝑘𝑛 + 𝑘𝑟
                                                            (2.6.1) 
Based on early measurements of diamond properties [88] it was generally believed 
and widely cited [2], [24], [89] that the quantum efficiency of the NV centre’s main 
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optical transition is very close to unity. Indeed, despite the fact that the original 
citation [88] only states that the NV centre’s quantum yield is 1 in a footnote without 
any corroborating data, in second-generation citations the quantum yield has 
somehow acquired two significant figures [90].  
Despite the curiously weak case for a high-quantum-yield centre, there was only 
limited evidence to suggest that the quantum yield of the NV centre did deviate very 
far from unity. The work of Waldherr et al. [91], for example, suggested in 2011 that 
the quantum yield of the NV centre in bulk or  nanodiamond was 70%, due to their 
conclusion that NV centres existed in equilibrium between their negatively- and 
neutrally-charged states. The process of ionisation and recombination required to 
support this process is very similar to the conclusions gleaned from the experiments 
detailed in Chapter 5 of this thesis, published here [1]. The 70% figure is also used in 
an NV-based STimulated Emission Depletion (STED) microscopy experiment [92], 
though this figure was based on a publication from 1983 [93], and is not based on 
any direct measurements. 
It is widely known, however, that the NV centre’s emission rate can vary wildly 
depending on a number of environmental factors. For example, a 2011 paper [94] 
found that the emission rate for an NV centre coupled to an electromagnetically 
resonant substrate could be boosted up to 1.5 times that of an uncoupled centre. 
However, the exact amount of emission rate enhancement varied strongly. This 
variation was found to be due to both the position of the NV centre within its diamond 
host, along with the orientation of the centre relative to the substrate. Such variations 
in the emission rate of the NV centre make it difficult to accurately determine the NV 
centre’s quantum yield. Such a strong environmental effect also strongly suggests 
that the quantum yield of the NV centre in nanodiamond will not be identical to the 
quantum yield of NV in bulk. 
A 2013 paper [95] attempted to overcome the problem of substrate effects by 
reducing the presence of the substrate as much as possible. Ideally, this would be 
done by suspending a single NV crystal in air (refractive index 1), something which is 
in principle possible using optical tweezers. A more robust method, used in the 
experiment, involves suspending the diamond in a silica aerogel (refractive index 
1.05). Removing the substrate allowed the experimenters to work out how much of 
the non-radiative decay of the NV centre was intrinsic to it, relatively free from 
environmental influences. Their work lent rigour to previous works’ claims of lowered 
quantum yield in nanodiamond, as this experiment found that the quantum yield of 
NV centres in 50 nm diamond was 0.7. In contrast to previous work, however, they 
propose that this quantum yield value is specific to nanodiamonds. They propose 
that the reduction in QY between bulk and nanodiamond is due to the fact that NV 
centres in nanodiamond are very close to the interface between media of high and 
low refractive index (specifically, diamond and air, indices 2.45 and 1 respectively). 
Their assertion is backed up by an observed dependence of quantum yield on 
nanodiamond geometry. 
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Since the publication of this study, further results have emerged to challenge the 
assertion of high quantum yield for NV centres in nanodiamond. Another 2013 paper 
[96] found that the quantum yield of small nanodiamonds, around 25 nm, peaked at 
around 0.2. In the same paper, measurements of the quantum yield of NV centres in 
much larger 100 nm crystals are made, with the researchers finding that the 
quantum yield varies between 0.1 and 0.9 for nominally identical crystals. The 
method by which this was done was an innovative twist on the established Drexhage 
experiment [97]. In the Drexhage experiment, a mirror placed near the emitter is 
used to modify its luminescent lifetime. The lifetime variation as a function of mirror 
position could be used to determine the emitter’s luminescence behaviour. This 
method was originally conducted on bulk emitters, but has since been adapted for 
use on the nanoscale using fibre-optic cables coated in silver [98], with the sample 
mounted to a piezoelectrically controlled stage. The measurement of the NV centre’s 
QY was conducted using a silver-coated polystyrene bead attached to an atomic 
force microscope’s cantilever. The bead’s radius of curvature was much larger than 
the nanodiamond, so simply moving the bead across the NV diamond was 
equivalent to moving a plane mirror towards and away from the emitter. Their 
conclusion is inescapable and cause for concern: they suggest that use of NV 
nanodiamonds in quantum information applications will require pre-screening of 
otherwise identical crystals to ensure high quantum yield. 
More systematic work has been done to study the NV centre’s luminescence 
behaviour in small crystals, including one experiment [99], [100] in which individual 
NV centres were observed in variable crystal sizes as their diamond host was 
oxidised to reduce its size from 500 nm down below 100 nm. Around 100 nm, the 
researchers observed that nonradiative decay paths unavailable to the NV centre in 
larger crystals became available. Furthermore, this experiment also demonstrated 
that crystal size reduction induces the blinking often observed in small (sub-35 nm) 
crystals. This phenomenon is ascribed to a wide range of possible causes, from 
substrate interactions [101], through species conversion as a single-photon process 
[91], or a two-photon process [102], all the way to quenching from graphite impurities 
on the diamond surface [103]. Another explanation, favoured by the creators of the 
oxidation experiment, is that the oxidation process leaves oxygen complexes bonded 
to the surface of the diamond nanocrystal. These complexes get closer to the NV 
centres as the crystal gets smaller, until the oxygen complexes are close enough to 
provide an alternate nonradiative decay path. This is a plausible explanation, as 
oxidation is widely used to reduce the size of nanodiamonds. Interactions between 
the diamond surface and the NV centre have been manipulated directly [104]. In this 
experiment, hydrogenation and oxidation of the diamond surface of small (10-20 nm) 
diamonds was used to manipulate the emission spectrum of neutrally- and 
negatively-charged NV centres. 
There are three definitive conclusions that can be made from these experimental 
results. The first is that the assumption of near-unity quantum yield in the NV 
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nanodiamonds is incorrect. An upper bound of 0.7 is far more reasonable, given the 
evidence. The second conclusion is that, for all experiments requiring NV 
nanodiamonds with high quantum yield, such diamonds must be preselected. 
Production of such diamonds on commercial scales is therefore highly unlikely, given 
the chemical indistinguishability of high- and low-QY NV diamonds. The third 
conclusion is that size reduction of NV diamonds into the sub-10 nm range requires 
not just a means of overcoming low NV concentrations, but also a means of avoiding 
or mitigating nonradiative process that cause luminescence quenching and 
intermittency. 
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2.7 Other Uses for NV Centres 
This thesis deals mainly with the NV centre’s applications as a biological label, 
thermometer and magnetic field sensor. However, it has been shown that the NV 
centre shows a measurable sensitivity to electric fields [105]. On top of this, the long-
lived coherence, high quantum yield, and room-temperature operation have made 
the NV centre a forerunner in the race to develop a suitable qubit for quantum 
information applications [106]. 
The ms = 0 to ms = ±1 sublevel transition in the NV centre’s ground state has, as 
noted in Section 2c, been used to measure magnetic field strengths, as the transition 
undergoes Zeeman splitting. The NV centre also experiences Stark splitting in the 
presence of electric fields, and it has been demonstrated that the optical resonances 
of the NV centre can be tuned by applying electric fields to the NV centre [67, 107]. 
However, this splitting is generally much weaker than the Zeeman splitting. A recent 
experiment has demonstrated that the much larger Zeeman splitting component can 
be eliminated by carefully aligning external magnetic fields to be perpendicular to the 
NV axis, allowing the much smaller Stark effect to be measured [105]. 
The NV centre’s sensitivity as an electric field sensor is in many ways similar to its 
performance as a magnetometer. The NV electric field sensor is two orders of 
magnitude less sensitive than the best current technology, the single-electron 
transistor. However the NV-based system, being atomic scale, is capable of much 
higher spatial resolution. Being able to measure electric fields on the nanoscale is 
also highly useful in biology, for example, in the study of ion channels used to move 
nutrients into the cell nucleus. Materials science is pushing the boundaries of the 
nanoscale too, and the ability to measure electric fields on this scale will aid in 
characterising new materials. 
The NV centre is an ideal candidate for many quantum information applications. The 
near-unity quantum yield and high photostability of NV centres have seen them used 
as single photon sources in quantum cryptography protocols [108, 109]. In these 
experiments, the NV centre was used as a single photon source capable of 
operating at room temperature. Previous quantum cryptography applications relied 
on the use of highly attenuated laser pulses to approximate single photons. This 
system was subject to security concerns, as multiphoton emissions enable 
eavesdroppers better access to encrypted transmissions. Attenuated laser pulses 
required higher laser intensities to increase the likelihood of successful transmission 
over long distances, but higher intensities also increased the chance of multiphoton 
emissions. NV single photon sources overcome this issue, as they are incapable of 
multiphoton emissions. NV centres as single photon sources have also found use in 
quantum mechanical experiments. In one example [110], the NV centre is used as a 
single photon source to implement an almost ideal experimental realisation of 
Wheeler’s delayed-choice gedanken experiment, a modification of Young’s double-
2 • Background 
 
23 
 
slit experiment where one of the two interferometer paths is removed after a single 
photon has already entered the interferometer. 
The NV centre’s optically detectable spin state, along with its long coherence times 
at room temperature, recommend it for use processing and storing quantum 
information. NV centres in nanocrystals are suited for this application in particular, 
since an NV centre emitting from a crystal much smaller than its emission 
wavelength can be assumed to have the refractive index of its surroundings. Bulk 
crystals are surrounded by diamond, with a very high refractive index of 2.45. High 
refractive indices in surrounding media have a damping effect on luminescence 
lifetimes, and it has been determined [111] that the luminescence lifetime of NV 
centres in nanocrystals is up to twice that of NVs in bulk diamond samples.  
It has been demonstrated [112] that the NV centre’s electron spins can be used to 
write, store, and read out information over time scales much greater than their 
already impressive coherence times by taking advantage of many NV centres’ close 
proximity to neighbouring 13C nuclear spins. Nuclear spins display much greater 
coherence than electron spins – up to three orders of magnitude longer coherence 
times have been reported. However, it is much easier to measure the electron spin 
state of the NV centre, as it manifests as a change in luminescence output. The 
system works by taking advantage of the interactions between the nuclear and 
electronic spins to map states from one spin to the other. When the ground state of 
the NV centre is in the ms=0 sublevel (the |0 >state), there is no hyperfine coupling 
in the nuclear spin, and its two sublevels, |↑ > and |↓ >, are degenerate. When the 
electronic spin is in the ms = ±1 sublevel (the |±1 >state), however, the degeneracy 
of the nuclear sublevels are lifted. Without hyperfine splitting, a magnetic field 
oriented perpendicular to the nuclear spin’s quantisation axis can cause the nuclear 
spin to undergo Larmor precession [113]. It is possible to tune a microwave pulse 
such that the electron spin transition is dependent on the nuclear spin state. 
Experimentally, this was achieved by preparing the electronic state in |0 >, applying 
a microwave pulse to transfer |0, ↓ > →  |1, ↓ >, allowing Larmor precession to 
transfer the remaining population from |0, ↑ > →  |0, ↓ >, once again spin polarising 
the system. The result is that the NV-13C electronic-nuclear spin system is initialised 
into the state |0, ↓ >. This process demonstrates the ability to prepare an arbitrary 
electron spin state, store it in the long-lived coherence of the nuclear spin state, and 
retrieve the electron spin state for optical readout. The electron spin therefore acts 
as an information processing qubit, while the nuclear spin acts as an information 
storage qubit. Since the exact degree of hyperfine splitting and the Larmor 
precession frequency are unique to each NV centre-14C system, each 
processing/storage qubit pair can also be addressed individually. Similar 
experiments [114] have been conducted using 14N nuclear spins adjacent to the NV 
centre.  
  24  
 
2.8 Other Diamond Colour Centres 
Nitrogen vacancy centres aren’t the only luminescent defect in diamond. Many other 
colour centres can be formed from a wide range of substitutional and interstitial 
defects [115]. Outside of nitrogen, optical centres formed using nickel [116], 
chromium [117], and silicon [118] have been subjects of research interest. The NV 
centre’s properties have been the subject of an intense research effort over the past 
10 years. Recently, however, more attention has been paid to other diamond colour 
centres [119], [120], [121]. The silicon-vacancy centre is the most heavily scrutinised 
of these alternate colour centres, and the majority of this short review will focus on 
research conducted with them. 
The silicon-vacancy (SiV) centre is composed of a substitutional silicon defect in 
between two lattice vacancies [122], with D3d symmetry [123]. The finer details of its 
electronic structure, such as its charge state and non-radiative processes, are only 
just beginning to be understood [124]. The ground state is commonly believed to be 
a spin-1 triplet, but the complex excited state structure has so far not demonstrated 
the capacity for optical spin polarisation that is so crucial to NV-based metrology. 
Despite this drawback, the SiV centre has two properties of great interest to 
researchers looking for a single photon source for use as a building block in quantum 
information experiments. The first property is a very narrow emission spectrum. Even 
at room temperature, the peak of the SiV centre’s emission is around its zero phonon 
line [125]. This is in contrast to NV centres, whose emission spectra demonstrate a 
broad phonon sideband, with a total width closer to 100 nm [126]. The small width of 
the SiV emission peak is helpful for quantum information applications, as it helps 
prevent, for example, eavesdropping attacks in quantum key distribution experiments 
[127].  
The second related advantage of SiV centres over NV centres is their fast 
luminescence decay time. The absence of long-lived shelving states and phonon 
sidebands makes the SiV emission rate more than double that of the NV centre. 
Quantum information systems often require their single photon sources to generate 
photons as quickly as possible, to maximise error correction or key generation 
capabilities[127]. 
Most astoundingly, SiV centres have recently been shown to achieve the ‘holy grail’ 
of nanodiamond labelling: sub-5 nm diamonds with an average of 1 or more 
photostable colour centres. Work published last year [128] has demonstrated the 
existence of high concentrations of SiV centres in naturally occurring meteoric 
nanodiamond crystals on the order of 2 nm. This is especially astounding since 
theoretical investigations [129] had cast doubt on the possibility of sub-2 nm 
diamonds with an average of 1 NV centre, and NV centres in 5 nm detonation 
nanodiamonds are not photostable [80], [41]. 
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Though the temperature, electric, and magnetic sensing abilities of the NV centre are 
so far unmatched by other colour centres, the prospect of SiV labels composed of 
chemically favourable diamond that are smaller than a Green Fluorescent Protein 
molecule [130] makes these colour centres a strong competitor to NV centres.     
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Chapter 3 • Methods 
 
3.1. Introduction 
In this chapter, I examine the physics of NV centre detection. I analyse the conditions 
necessary for detection of single luminescent NV centres in diamond, along with their 
luminescence spectra and luminescence lifetimes. A portion of this chapter is devoted to 
the optical detection of magnetic resonances in the NV centre. This includes discussion of 
required RF signal and magnetic field strengths.  A detailed accounting of the experimental 
apparatus used in the experimental portions of the broader thesis is also included in this 
chapter. 
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3.2. Experimental Setup 
Our detection system is a wide-field epi-illumination fluorescence microscope, 
illustrated in Fig. 3.1. Wide-field illumination is where light is collected from a small 
region on the sample. It is contrasted with a confocal system, where the spot size is 
minimised as much as possible and an aperture is placed before the detector. A 
confocal system is designed to prevent the detection of luminescence outside of the 
focal plane of the microscope. This can be useful when background 
autofluorescence is an issue. A confocal system is also able to image a sample at a 
customisable depth, eliminating signal from other depths. This is useful when 
imaging samples that extend some distance into and out of the objective’s focal 
plane. The problem with confocal microscopy is the fact that it cannot simultaneously 
image a large region on a sample. Images can be built up by compositing many 
individual confocal images, but this is not real-time imaging. The laser beam is also 
focussed to a very small spot, which can make controlling the power density difficult. 
In our experiment, we image a sample with many small, spatially distinct NV 
diamonds dispersed across a flat substrate. The substrate is clear of all other 
luminescent particles or defects. To effectively image many of these separate 
diamonds confocally, we would need a scanning confocal microscope. However, the 
main benefit of confocal detection is the ability to isolate luminescence from one 
vertical position on the sample, ignoring background autofluorescence. Our sample 
contains only luminescent diamond, all on the same plane. Wide-field microscopy is 
much more effective for imaging in this case, as we wish to simultaneously image 
many diamonds, and are not concerned with background luminescence, as it is not 
in the same wavelength range as NV luminescence and can therefore be filtered out 
with a band-pass filter. In our experiments we used a THORLABS filter with a range 
of 680 ± 40 nm to achieve this filtering, along with a dichroic mirror that acts as a 
low-pass filter, reflecting light at or below 540 nm to prevent laser light from entering 
the detector. 
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The choice of epi- or trans-illumination in our microscope was determined during the 
course of experiments. We had thought that better control over the illumination spot 
could be gained by illuminating the sample from behind the substrate, in a trans-
illumination setup. We could use a single lens placed before the sample to control 
the spot size on the sample. This is in contrast to the epi-illumination method, 
pictured in Fig. 3.1, in which the microscope objective plays a role in focussing the 
excitation beam onto the sample. Avoiding the use of the microscope objective as a 
beam focus could simplify the setup, as there would be no possibility of unwanted 
interference fringes forming in the excitation beam as it passed through the complex 
objective assembly. However, when the microscope was arranged in trans-
illumination mode, we found that the laser was focussed in such a way that it 
somehow damaged the microscope objective, regardless of its numerical aperture or 
magnification. The experiments covered in this thesis were conducted with the 
microscope in epi-illumination mode. Subsequent analyses of the beam distribution 
have not shown any anisotropy in the excitation spot resulting from the use of the 
microscope objective to focus the laser onto the sample. 
Using an Andor iXon thermoelectrically-cooled Electron-Multiplying CCD, as was 
done in most of the experiments conducted in this thesis, the microscope is capable 
of imaging an area approximately 30 µm × 30 µm at video rates, though most 
Figure 3.1: A basic schematic of the microscope used in our experiments. The green line traces the 
path of excitatory light, and the red line traces the path of NV luminescence. The exact 
configuration of laser, filters, objective and detector depends on the experiment being conducted, 
as detailed in this chapter. 
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measurements are accumulated for 20 or more seconds to maximise SNR. The 
allowable accumulation time for a measurement is effectively infinite due to the NV 
centre’s extreme photostability. Since each doubling in accumulation time only 
achieves a factor of √2 improvement in SNR, increased accumulation times quickly 
reach a point of diminishing returns. 
No optical element is perfect, and as the NV centres’ luminescence passes through 
each element, some of the signal is lost. The majority of the signal is lost at the 
Nikon 0.9 NA 100x air immersion objective, as was used in all experiments not 
involving luminescence measurements at high temperature, as NV centre emits most 
of its luminescence into the silica substrate [131]. This luminescence is not 
recoverable by interposing the substrate between the NV centres and the objective, 
either, as the NV’s emission profile into the silica is very broad, necessitating either 
customised substrate geometry [132], or a relatively inflexible oil-immersion 
objective. More than 95% of the light emitted by the NV centre is not collected by the 
objective [2]. With inefficiencies from the dichroic mirror and filters, along with the 
collection efficiency of the CCD, our estimated collection efficiency is as little as 
0.21%. With this setup, the expected signal from a single NV centre is as little as 42 
counts per second, based on the luminescence rate of 20 kHz [77].  
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3.3. Beam Characterisation 
Laser light is directed into a prefocussing lens, which is used to help control the size 
of the laser spot incident on the sample. The prefocussing lens is used to control the 
size of the beam entering the microscope objective’s back focal plane. When 
calculating the effect of an optical element on the size and shape of the beam, 
conventional ray optics are not sufficient for analysis. We must use Gaussian optics, 
so named because, when a laser is operating in the fundamental transverse mode 
(TEM00) of the laser resonator, the transverse electric field and intensity distributions 
of the laser beam can be described with a Gaussian function. The intensity of such a 
beam at some radius r and position z is given by [113] [133], 
𝐼(𝑟, 𝑧) =
𝑐𝑛𝜀0|𝐸(𝑟, 𝑧)|
2
2
                                                   (3.3.1) 
= 𝐼𝑚𝑎𝑥 exp (
−2𝑟2
𝑤(𝑧)2
)                                            (3.3.2) 
Here, E(r,z) is the electric field of the beam, c the speed of light, n the refractive 
index of the medium in which the beam is travelling, and ε0 is the permittivity of free 
space, 8.8×10-12 Fm-1. Gaussian beams can be described in terms of the beam 
waist, w0, which describes minimum radius of the beam. This radius is defined as the 
point at which the electric field decreases to e-1 of its peaks value. Since the intensity 
is the square of the electric field, the point at which the intensity is e-1 of its maximum 
would be 1/√2 times the electric field width. At the electric field width, the intensity 
will have fallen to e-2 of its original value. The beam diverges as it travels away from 
the location of the beam waist, and this divergence is dependent on the wavelength, 
λ, of the beam. If a beam is travelling along an axis z, the beam width w(z) at any 
point along the z-axis can be described as: 
𝑤(𝑧) =  𝑤0√1 + (
𝑧
𝑧𝑅
)
2
                                          (3.3.3) 
Here for simplicity we introduce the Rayleigh range,  
𝑧𝑅 =
𝜋𝑤0
2
𝜆
                                                       (3.3.4) 
At this distance from the waist, the beam width will have increased by a factor of √2. 
This parameter gives us a good sense of how quickly a beam diverges. The intensity 
profile and propagation of a Gaussian beam is illustrated in Fig 3.2. Fortunately, 
Gaussian beams remain Gaussian after propagating through most optical elements, 
and the laws of their propagation are very similar to conventional ray optics, in that 
one can define optical elements in terms of an ABCD matrix, which in turn defines 
the properties of the outgoing beam. The beam can be described using the complex 
beam parameter q, which satisfies the following relation: 
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1
𝑞
=
1
𝑅(𝑧)
−
𝑖
𝑧𝑅
                                                           (3.3.5) 
Where R is the radius of curvature of the Gaussian beam’s wavefront, which is 
wholly dependent on the beam waist and wavelength, along with the distance from 
the beam waist: 
𝑅(𝑧) = 𝑧 (1 + (
𝑧𝑅
𝑧
)
2
)                                                  (3.3.6) 
Eqs. (3.3.3) and (3.3.6) can be rearranged such that if the radius of curvature and 
the beam width at a point are known we can determine the position and width of the 
beam waist. Given some R(z) and w(z), the beam waist position zw will be 
𝑧𝑤 =
𝑅(𝑧)
1 + (
𝜆𝑅(𝑧)
𝜋𝑤(𝑧)2
)
2                                                   (3.3.7) 
Given the same parameters, the beam waist radius w0 will be given by 
𝑤0 =
𝑤(𝑧)
1 + (
𝜋𝑤(𝑧)2
𝜆𝑅(𝑧)
)
2                                                   (3.3.8) 
 
Figure 3.2: (Left) The intensity distribution of a Gaussian beam. Such beams retain their Gaussian 
intensity distribution as they propagate. (Right) The width of a Gaussian beam as it propagates 
through space. 
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The complex beam parameter of a Gaussian beam passing through an optical 
element, q’, can be calculated with q and the ABCD matrix values of the optical 
element in question like so [133]: 
𝑞′ =
𝐴𝑞 + 𝐵
𝐶𝑞 + 𝐷
                                                            (3.3.9) 
For a thin lens with focal length f the ABCD matrix appears as 
|
1 0
−
1
𝑓
1|                                                             (3.3.10) 
Putting Eq. (3.3.7) into Eq. (3.3.6), we find that the thin lens only changes the radius 
of curvature of the outgoing beam, according to the following relation: 
1
𝑅′
=
1
𝑅
−
1
𝑓
                                                          (3.3.11) 
We can use Eqs. (3.3.7) and (3.3.8) with Eq. (3.3.11) to determine the beam waist 
radius and position of the outgoing beam in terms of the incoming beam’s 
parameters. If d is the distance between the incoming beam's waist and the lens, the 
new beam waist radius wo’ will be [134]: 
𝑤0
′ = 𝑀𝑤0                                                         (3.3.12) 
The new beam waist zw’ will be located at: 
𝑧𝑤
′ = 𝑀2(𝑑 − 𝑓) − 𝑓                                                (3.3.13) 
In the above expressions, M is the magnification, defined as 
𝑀 =
|
𝑓
𝑑 − 𝑓|
√1 + (
𝑧𝑅
𝑑 − 𝑓)
2
                                               (3.3.14) 
Armed with this knowledge, we can tailor our apparatus to approximate the spot size 
we desire. We are limited by the fixed wavelength, incoming beam waist 
(approximately 2 mm) and distance from the laser’s beam waist (approximately 1.5 
m, the waist is approximately 0.5 m out from the laser aperture) and microscope 
objective focal length (2 mm). It should be noted that the laser’s Rayleigh range is on 
the order of tens of metres, and our measurements never occur more than 2 metres 
away from the beam waist. In our calculations we find that this makes knowledge of 
the exact laser waist-lens distance rather irrelevant, since the beam width changes 
orders of magnitude less than even the manufacturer’s stated waist size uncertainty 
(10%). 
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These constraints severely limit our ability to change the beam size. The introduction 
of a pre-focus lens gives us better control of the beam size on the sample. We can 
use it to tailor the size of the beam entering the microscope objective. 
As an example, we place a lens with f = 100 mm in the path of the laser. Using Eqs. 
(3.3.12), (3.3.13), and (3.3.14), we find that the beam will have a new waist size of 8 
µm, and that the beam waist will be coincident with the lens’ focal length. This 
beam’s Rayleigh range is 0.4 mm, which means that the beam size will change 
rapidly as we approach or leave the beam waist. 
Applying Eqs. (3.3.12), (3.3.13), and (3.3.14) again to the prefocussed beam, this 
time entering the objective with f = 2 mm, we see that the parameters of this beam 
depend very strongly on the distance between the prefocussed beam’s waist and the 
objective. For example, if the prefocussed beam’s waist is located at the entrance to 
the microscope objective, the new beam waist will be 8.7 µm wide, occurring 0.1 mm 
from the objective. However, if the prefocussed beam’s waist is 5 mm away from the 
entrance to the microscope objective, the beam exiting the objective will be 5 µm, but 
the waist position changes dramatically to 3 mm away from the objective. We can 
see that the beam waist position can be quite variable, but the sample will not 
necessarily be coincident with the beam waist, since the microscope’s working 
distance is fixed at 1 mm. We can apply Eq. (3.3.3) to the beam exiting the objective 
to find the expected beam size on the sample. When the prefocussed beam waist is 
coincident with the entrance to the objective, the expected beam size on the sample 
will be 22 µm. If the prefocussed beam’s waist is 10 mm away from the objective 
entrance, this increases to 80 µm. This fact demonstrates that we can readily 
manipulate the beam size on the sample with small changes in the prefocussing 
lens’ position. 
Of course, there is no such thing as a truly thin lens, and a microscope objective is 
certainly not thin. Calculations like these leave the true spot size on the sample 
uncertain. Fortunately, we can independently measure the beam size to good 
precision using the following methods. 
For measurements of NV luminescence, especially the experiments involving 
luminescence characteristics at high pulse energies in Chapter 5, characterising the 
intensity profile of the excitation beam is of critical importance. We must measure not 
only the total power incident on the sample, but also measure how this power is 
distributed across the sample.  
Total power was measured by placing a diode power sensor in the laser beam, in 
place of the NV diamond sample. This allowed us to measure the total power of the 
beam. This information, when coupled with the measured distribution of laser light 
across the sample, could be integrated to give the laser intensity incident at any 
given point on the sample.  
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Using a wide-field microscope, there are three methods by which we might measure 
the distribution of laser light on the sample. These methods vary in accuracy, 
acquisition speed, and amount of labour required. The first method, while 
occasionally used in similar experiments (see Chapter 3 of [42]), was not used in the 
experiments described in this thesis. It is nonetheless a worthwhile method to 
examine. A sample slide is spin-coated with a layer of fluorescent dye such as 
Rhodamine 6G, then illuminated with the laser spot and imaged with the microscope. 
The fluorescence detected at each point on the sample is proportional to the 
intensity of laser illumination at that position. While this method enables quick 
characterisation of the entire laser spot, there are certain inaccuracies introduced. 
The first problem is that the method requires the use of at least two sample slides – 
one coated with dye and another coated with NV diamond. It is nearly impossible to 
replace a sample slide without involuntarily moving the sample stage, even if only by 
a few micrometres. Such movements will throw off measurements of the beam 
centre and size – measures which are crucial when determining the absolute 
luminescence output of NV centres. While the spin-coating process will ideally apply 
a homogeneous layer of dye, inhomogeneities in this layer will lead to variations in 
the dye’s luminescence profile that could be incorrectly ascribed to an anisotropic 
laser intensity distribution. Finally, any dye that can be homogeneously applied to a 
sample is subject to photobleaching. This fact necessitates that measurements of 
laser intensity be conducted with short integration times and at low laser power, to 
minimise the effect of bleaching. Bleaching cannot be eliminated, however, and it will 
affect the high-intensity parts of the beam more than the low-intensity regions, which 
may induce inaccuracies in our determination of the laser beam profile. 
The second method to be described is the one most commonly used in the 
experiments conducted in this thesis, as it is the quickest to conduct. The method 
takes advantage of the fact that, when laser intensity is well below saturation (that is, 
when the rate of photons exciting the triplet-triplet transition is well below the 20 MHz 
transition rate), the NV centre’s luminescence output is linearly proportional to the 
intensity of input laser light [2]. This method involves ‘scanning’ a single NV diamond 
emitter across the microscope’s field of view, and measuring the luminescence 
output at regular intervals. An example of a measurement acquired using this 
method is illustrated in Fig. 3.3. In that figure, the data was fit to the equation 
𝐼 = 𝐼0 exp (
−2(𝑥 − 𝑥0)
2
𝑤2
)                                        (3.3.15) 
This equation is Eq. (3.3.2) along the axis y = 0. x0 is the beam centre’s x-coordinate. 
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As a check, we can scan the crystal across multiple non-parallel lines, to satisfy 
ourselves of the radial symmetry of the beam. After the measurements are acquired, 
it is necessary to fit the data to interpolate the laser intensity at any given point on 
the sample. It is here that the two important assumptions on which this method rests 
come into play. The first assumption is that the laser intensity distribution on the 
sample follows a radially symmetric Gaussian distribution. This assumption is well-
founded, as both lasers used in these experiments emit laser light in the TEM00 
mode, and none of the optical elements in the system induce defects in the beam 
like astigmatism. Of course, it would be more accurate to model the beam after the 
microscope objective as an Airy function, since the objective cannot capture the 
entirety of the incoming laser beam and acts as an aperture. However, as can be 
seen below, our ability to measure the ‘tails’ of the distribution is limited. Given this 
limitation, a Gaussian intensity distribution is an effective approximation. The second 
assumption is of homogeneity in the laser’s intensity distribution. The measurements 
conducted using this method demonstrate that this assumption holds over the 
intervals measured. The average measurement interval is 10 pixels on the CCD, 
Figure 3.3: An example measurement of the laser beam intensity distribution along one axis, 
generated by ‘scanning’ an NV crystal along the microscope’s field of view. The blue line is a 
Gaussian fit, as in Eq. (3.3.15), and the black dots are the measured NV luminescence intensities. 
Note that the tail ends of the Gaussian function are not covered by the measurement, only the fit. 
The fitting equation is Eq. (3.3.9), and the parameters were I0 = 9901 counts, x0 = 232.3 px, w = 105 
px (21 µm). 
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which correlates to roughly 2 µm on the sample when using an objective with 100x 
magnification. One benefit to using this method is that we do not need to know the 
location of the beam’s centre ahead of time. Measuring the intensity distribution 
along two orthogonal cross-sections is sufficient to confirm the radial symmetry of 
the beam, and the intensity peaks of these orthogonal scans allows us to find the co-
ordinates of the beam’s centre. A limitation of this method is that our accuracy is 
limited. A maximally effective measurement of a Gaussian distribution would include 
as large a portion of the ‘tails’ (the low-intensity areas far from the peak) as possible. 
Unfortunately, the NV luminescence signal received in these regions is 
correspondingly small, limiting our ability to measure this portion of the laser’s 
intensity distribution. The final part of this method is the calibration of the measured 
intensity distributions. Scanning NV diamonds across the laser beam allows us to 
find the peak (r=0) and beam width (w0) of the laser’s intensity distribution, as in Eq. 
(3.3.2). Here, w(z) = w0, since we are measuring the beam at the focal point of the 
microscope objective, which is co-incident with the beam waist. 
However, we are unable to evaluate the function at any given point, since we don’t 
know the value of I0, the amplitude of the function. We can find this, since we know 
that within an area dA, the power of the beam is given by: 
                                    𝑃 =  ∫ 𝐼(𝑟, 𝑧)𝑑𝐴                                                          (3.3.16) 
The area of a circle with thickness dr and at a radius r is 2πrdr, so the total power of 
the beam is given by 
                                    𝑃 = 2𝜋 ∫ 𝐼(𝑟, 𝑧)𝑟 𝑑𝑟
∞
0
                                                   (3.3.17)  
We can substitute the electric field from (1), to get 
                                    𝑃 =  𝜋𝑐𝑛𝜀0𝐸0
2
𝑤0
2
𝑤(𝑧)2
∫ exp (
−2𝑟2
𝑤(𝑧)2
) 𝑟𝑑𝑟                         (3.3.18) 
∞
0
 
After integration, this becomes 
                                    𝑃 =  
𝜋
4
𝑤0
2𝑐𝑛𝜀0𝐸0
2                                                       (3.3.19) 
We can now put this in terms of the peak intensity, which we wish to find: 
𝐼𝑚𝑎𝑥 =
2𝑃
𝜋𝑤0
2                                                              (3.3.20) 
As stated above, we are already capable of measuring P, the total power incident on 
the sample. Since the width of the intensity distribution is known, we can simply 
solve for the peak intensity, which allows us to determine the laser power incident at 
any given point on the sample. 
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The third method is the most involved, but is a useful demonstration of our ability to 
use the NV centre’s luminescence to aid in nanoscale measurements. The method is 
used in this paper [2], to verify the paper’s main result. This method requires a 
thorough accounting of the collection efficiency of the microscope being used to 
measure NV luminescence, and measurements of the NV centre’s response to pulse 
laser excitation in the region between 0-0.5 µJ. The NV centre’s luminescence 
response, R, to pulsed laser excitation with pulse energy E is described by the 
function                            
           𝑅 =  𝑅∞(1 − 𝑒
−𝜎𝐸)                                                     (3.3.21) 
Where σ is the absorption cross section of the NV centre and R∞ is a parameter that 
accounts for the microscope’s total collection efficiency and the number of NV 
centres in the crystal under observation. Imaging a field of NV crystals and dividing 
their luminescence by R∞ allows us to ‘normalise’ the crystals, rendering them all 
essentially identical. Differences between crystals after this normalisation process 
are solely due to the variation in laser energy incident on each crystal. A field’s 
normalised luminescence can be plotted and fit to Gaussian intensity distribution to 
find the beam’s centre and width. 
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3.4. Sample Preparation 
The laser beam is incident on the NV nanodiamond sample, which is spin-coated 
onto a silica slide 1 mm thick.  
The creation of one of these sample slides requires some care and attention. Simply 
placing diamond nanocrystals on the surface of a slide will only lead to largely 
undifferentiable clumps of crystals. This means that we must find a way to separate 
crystals and spread them across the surface of a sample slide if we wish to observe 
individual crystals. Placing the crystals in an aqueous suspension is the first step, as 
we can control the concentration of crystals per unit volume of water. Ultrasonication 
of these mixtures is sometimes needed to break up small clusters of diamond 
nanocrystals stuck together in graphite shells. We wish to spread the crystals evenly 
across the surface of the slide, but there are two main issues to overcome. The first 
is that a silica quartz slide exposed to air will be mildly hydrophobic, as the surface is 
populated by many siloxane groups (with structure Si-O-Si). These groups are 
neutrally charged, and water placed on such a surface will bead. A drop of water 
containing nanocrystals placed on such a surface will,  
a) not stick to the surface and  
b) have all of the crystals confined to the drop itself.  
We therefore wish to make the surface hydrophilic to overcome these problems. To 
make the surface hydrophilic, it is necessary to hydroxylate the surface, breaking the 
siloxane bonds and creating silanol groups (with structure Si-O-H) on the glass 
surface [135]. Piranha solution is a powerful oxidiser, capable of hydroxylating the 
glass surface and creating hydrophilic silanol groups on the glass surface. Piranha 
solution is composed of concentrated sulfuric acid (typically 98%) and hydrogen 
peroxide (typical concentration 30%) mixed in a 4:1 ratio. It should be noted that the 
reaction between these components is highly exothermic, and that the hydrogen 
peroxide must be added slowly to the sulfuric acid to avoid an explosion of boiling 
acid. We submerge the substrate for approximately 15 minutes, allowing the piranha 
solution to render the surface hydrophilic. The solution is then rinsed in water, and 
must be kept submerged until the diamonds are deposited on the surface, to avoid 
rendering the surface hydrophobic once more. After rendering the surface 
hydrophilic, a drop of diamond-containing water will spread across the surface of the 
slide. However, the crystals themselves will settle in place, making the concentration 
of crystals at the location of the drop much higher than everywhere else on the slide. 
To even out this distribution, we deposit the crystals on the slide as the slide is 
spinning, so that the crystals spread out across the surface by centrifugal force as 
they settle onto the slide. A spin-coating device was used to accomplish this, running 
at 1000 RPM for 5 minutes. The concentration of diamond in suspension is an 
important factor in the spin-coating process, since we wish to strike a balance 
between being able to observe many diamonds with our microscope and having 
each diamond separate enough to effectively isolate their luminescence. This is a 
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subjective measure and in practice, it has been achieved with diamond:water ratios 
anywhere between 0.1 mg/mL and 1 mg/mL. Once the slide has been spin-coated 
and dried, it is ready to be mounted in the microscope. This mounting is pictured in 
Fig. 3.4. 
The substrate is itself attached to a THORLABS 3-axis piezoelectrically-controlled 
platform capable of moving with micrometre-level accuracy. Laser light is absorbed 
by the NV centres and re-emitted. Some of this light is collected by the objective, and 
it subsequently passes through the dichroic mirror. This light can be further filtered to 
isolate the negative or neutral NV species, or can be sent through a spectrometer 
unfiltered for luminescence spectra. Finally, the NV centre emissions are collected 
by a charge coupled device. In our experiments, we used a thermoelectrically cooled 
electron multiplying CCD for most experiments, and used a time-gated intensified 
CCD to measure the NV centres’ luminescence decay on nanosecond timescales 
[1]. 
Figure 3.4: The spin-coated slide mounted on the adjustable stage. 
The sample slide is circled in red. The red arrow indicates the 
microscope objective. 
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3.5. Static Magnetic Field 
The addition of a magnetic field allows us to generate Zeeman splitting between the 
ms = 0 and ms = ±1 sublevels of the ground and excited states. Accurate knowledge 
of the exact strength and orientation of the external magnetic field allows us to 
characterise the extent of the Zeeman splitting better, which furthers the ability for 
NV centres to measure the strength and orientation of unknown external magnetic 
fields. 
In our experiment, an external magnetic field was generated using 3 cylindrical 
neodymium magnets, each 2 mm long and 3.9 mm in diameter, stacked atop each 
other. Stacking the magnets in this manner means that, for the purposes of magnetic 
field calculations, they are to be treated as one magnet with 6 mm length and 3.9 
mm diameter. This was done to ensure the magnets would not fall out of their 
enclosure. The magnets were mounted in a non-ferrous enclosure placed adjacent 
to the sample, and capable of independent movement toward and away from the 
sample to a precision of 5 µm. The strength of the magnetic field as a function of 
distance to the sample was calibrated by replacing the sample stage with an 
electronic Hall Effect gaussmeter. The design of the gaussmeter meant that there 
was a minimum of 1.29 mm distance between the magnet and the sensor, but this is 
acceptable, since the quartz slide on which the diamonds are spin-coated is 1 mm 
thick. The field measurement was made by first placing the sensor as close to the 
magnet as possible. However, care had to be taken to avoid having the sensor and 
magnet touching, because of the flexibility of the sensor. Having the sensor too close 
to the magnet would risk deflecting the sensor, rendering the first few measurements 
inaccurate. Fig. 3.5 shows the field strength measured by the gaussmeter as a 
function of distance. We are able to predict the magnetic field of this setup using the 
following expression for the on-axis magnetic field Bz in cylindrical co-ordinates 
[136]: 
𝐵𝑧 = −
𝜇0
4𝜋
𝑀 ∫ ∫ (
−𝑅𝑧
(𝑅2 + 𝑧2 + 𝜌2 − 2𝑅𝜌 cos 𝛷)
3
2
𝑎
0
2𝜋
0
+
𝑅(𝐿 + 𝑧)
(𝑅2 + (𝐿 + 𝑧)2 + 𝜌2 − 2𝑅𝜌 cos 𝛷)
3
2
) 𝑑𝑅𝑑𝛷 (3.5.1) 
Where µ0 is the vacuum permeability, 4π×10
-7 T m A-1, M is the magnetisation in 
A/m, R is the radius of the magnet, L its length, z the distance from the magnet’s 
surface, ρ the off-axis distance of the measurement, and Φ the angle of this off-axis 
position. Since we are measuring the magnetic field on the axis, ρ = 0 and the 
integration dΦ comes to a factor of 2π, leaving 
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𝐵𝑧 = −
𝜇0
2
𝑀 ∫ (
−𝑅𝑧
(𝑅2 + 𝑧2)
3
2
+
𝑅(𝐿 + 𝑧)
(𝑅2 + (𝐿 + 𝑧)2)
3
2
) 𝑑𝑅
𝑎
0
       (3.5.2) 
This integration has the result: 
𝐵𝑧 =
𝜇0
2
𝑀 (
−𝑧
√𝑎2 + 𝑧2
+
𝐿 + 𝑧
√𝑎2 + (𝐿 + 𝑧)2
)                    (3.5.3) 
Where a is the magnet’s radius. This expression is plotted against the measured 
magnetic field in Fig. 3.5, and good agreement between the theory and data is found 
for a magnetisation value around 1.07±0.01 MA/m, which is in good agreement with 
the widely available manufacturer’s specifications for neodymium magnets. The 
systematic error due to the minimum distance between the magnet and the sensor at 
minimum displacement is 1.29±0.01 mm. This minimum distance is due to the 
thickness of the sensor and its protective rubber coating, and its exact value was 
calculated by fitting the magnetic field model in Eq (3.5.3) to the measured magnetic 
field. 
To find the maximum field strength that the magnet can exert on the NV centre, we 
must extrapolate the measurements made with the sensor, to account for the 0.29 
mm difference between the minimum magnet-sample distance and the minimum 
magnet-sensor distance. We calculate the maximum field exerted on the NV centre 
to be 0.5 T, which is more than sufficient for the experiments detailed in Chapter 5.  
From Eq. (3.5.1), we can see that the magnetic field strength is greatest on the 
magnet’s axis. In our measurements, we assume that the NV centre is aligned with 
the magnet axis. However, it is important to determine the distance that an NV 
centre can be off-axis before the field strength significantly diverges from the on-axis 
value. Unfortunately, Eq. (3.5.1) must be evaluated numerically. As expected, from 
this evaluation we find that moving off-axis (i.e., increasing ρ) changes the field 
strength most strongly when z is small. By examining how the field strength varies as 
we increase ρ at the smallest achievable z value, we can determine the maximum 
possible ρ value that maintains the assumption that the field is on-axis. Fig. 3.6 plots 
the field strength as a function of off-axis position at z = 1.29 mm, the minimum 
achievable magnet-sensor distance. If we define a ‘significant variation’ as a 10% 
change from the on-axis field strength, we find that, at the minimum magnet-sample 
distance, an NV centre must be placed 1 mm off-axis before the field strength at its 
location varies significantly from the on-axis value. This minimum distance only 
increases as the magnet and sample are further separated. At the maximum 
magnet-sample distance, 21.29 mm, an NV centre must be 4 mm off-axis before the 
field strength changes significantly. The greatest effort is made to align the magnet 
axis and the microscope objective, such that an NV centre that is placed off the 
magnet axis will also be off the microscope axis. As noted in Section 3.3 above, the 
exciting beam’s width is only a few tens of microns across. Therefore, an NV centre 
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1000 microns from the microscope axis will be almost completely unilluminated. I 
therefore conclude that the assumption that every observed NV centre is 
experiencing the full on-axis field strength of the permanent magnet is a valid one. 
Figure 3.6: The magnetic field strength (in Tesla) as a function of 
off-axis position ρ in Eq. (3.5.1), plotted at z = 1.29 mm, the 
minimum magnet-sensor distance. This distance was chosen 
because the rate at which the field strength varies with ρ is 
inversely proportional to z. 
Figure 3.5: The magnetic field strength (in Tesla) as a function of sensor-magnet distance. The fit 
line in red is calculated from Eq. (3.5.3), with our magnet’s specifications.  At the minimum 
magnet-sensor distance, 1.29 mm, the field strength is 0.4 T. 
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3.6. Temperature Control 
The NV centre’s ground state zero-field splitting [19], luminescence lifetime [23], and 
zero-phonon line (See Chapter 7) have been shown to be strongly dependent on the 
temperature of the surrounding diamond. Diamond also oxidises when exposed to 
air at temperatures above 670 K. Our experiments therefore called for the ability to 
heat crystals to oxidation temperature, with single degree precision. Fine 
temperature control allows us to measure changes in the NV’s luminescence 
characteristics, and reaching the oxidation temperature opens up the possibility of 
observing changes in a single NV centre as the surrounding diamond is burned away 
and the centre approaches the surface of the crystal.  
Temperature control of the sample was achieved using a custom aluminium 
enclosure, heated with electronically controlled resistive heating elements. This 
apparatus fulfils the temperature requirements of our experiments, but at the cost of 
signal-gathering power and stability. The NA 0.9 objective used in all other 
measurements has a focal distance of approximately 1 mm, too short to use on the 
enclosure, which has at least 3 mm separating the sample and the exterior surface 
of the enclosure. We used an NA 0.5 objective instead, with a focal distance of 
approximately 8 mm. This objective was still capable of measuring the luminescence 
of single NV centres, but with reduced light-gathering power. Furthermore, thermal 
expansion of the stage during temperature changes leads to changes in the position 
of the sample relative to the microscope objective and laser spot. This necessitates 
regular adjustment of the sample position during measurements to prevent the laser 
intensity incident on the diamonds from changing, and to prevent the image going 
out of focus. 
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3.7. RF Excitation 
RF excitation is used to stimulate transitions between the sublevels of the NV 
centre’s ground and excited states. Excitation and emission cycles polarise the 
ground state of the NV centre into the ms = 0 sublevel. This polarisation can be as 
high as 85%. Therefore, externally generated RF signals can be used to switch a 
spin polarised NV centre’s sublevel between ms = 0 and ms = ±1. 
In our experiment, we generated the RF signal and swept between 0.9 GHz and 4 
GHz using a Hameg HMF2550 function generator operating between -10 and 0 
dBm. The output of this generator was sent to an Empower Systems 1030 38 dB 
amplifier with a maximum power output of 8 W. The amplified signal was sent into a 
gold wire loop, deposited directly onto the quartz substrate. The loop’s dimensions 
are noted in Fig. 3.7. 
The loop’s width was much greater than its thickness, and the loop’s length was 
much greater than the average crystal-wire distance. Therefore, we estimate the 
magnetic field on a diamond in the loop by approximating the loop as two sets of 
infinitely long, thin wires. This is illustrated in Fig. 3.7. The magnetic field in such a 
case is, from the Biot-Savart Law [137]: 
𝐵 =  
𝜇0𝐼
2𝜋𝑎
∫
1
𝑦
𝑑𝑦
𝑐+𝑎
𝑐
+
𝜇0𝐼
2𝜋𝑎
∫
1
𝑦
𝑑𝑦
(𝑏−𝑐)+𝑎
(𝑏−𝑐)
                             (3.7.1) 
𝐵 =
𝜇0𝐼
2𝜋𝑎
ln (
(𝑎 + 𝑏 − 𝑐)(𝑎 + 𝑐)
𝑐(𝑏 − 𝑐)
)                                            (3.7.2) 
Here I is the current in the loop in Amperes, and a, b, and c are the wire width, wire 
separation and closest wire-crystal distance, respectively, all in metres. The variable 
y, integrated out in the final expression, indicates the distance between the crystal 
and one of the infinitesimally thin wires generating the magnetic field we wish to 
calculate. The closest wire is at a distance c, and the most distant wire is at a+c. The 
current going through a wire with resistance R Ohm and dissipating P watts of power 
is given by [137]: 
𝑃 = 𝐼2𝑅                                                                (3.7.3) 
The current is sinusoidally varying, however, so for the average power <P>, 
〈𝑃〉 = 〈𝐼2 sin2(𝜔𝑡)〉𝑅                                                   (3.7.4) 
And, 
〈𝐼2 sin2(𝜔𝑡)〉 =
𝐼2
2
                                                       (3.7.5) 
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Therefore, 
𝐼 = √
2〈𝑃〉
𝑅
                                                              (3.7.5) 
The signal generator was operated at a maximum of 0 dBm (1 mW). The power after 
the amplifier therefore reached a maximum of 6.3 W. The loop alone has a 
resistance of 16Ω at DC, and an inductive frequency-dependent reactance.  
An external magnetic field oscillating at the resonant frequency of a two-level 
transition will cause the system to oscillate between the two states at a frequency 
determined by the amplitude of the oscillating magnetic field, B. This is called the 
Rabi frequency ωR, defined for a spin-1 system like the NV centre as [138]: 
𝜔𝑅 =  𝛾𝐵                                                               (3.7.6) 
Figure 3.7: A simple schematic of the wire used to excite the NV centre (Red dot, centre). Note that 
the image is not to scale to more clearly show the gap between the wires, and only the top part of 
the wire is illustrated, to point out where the two wires join. a is around 200 µm, b around 40 µm, c 
varies depending on the crystal but is typically chosen around 5 µm, and d, the total length of the 
wire, is approximately 1 cm. Observed crystals were at least 500 µm away from the top part of the 
loop at all times, which is why its contribution to the field is neglected in our approximation. 
NV Crystal 
Gold Wire 
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Here, γ is the electron’s gyromagnetic ratio, 1.76 × 1011 rad s-1 T-1. The Rabi 
frequency induced by a magnetic field is a convenient measure of the RF power 
generated by our apparatus.  
Losses between the amplifier and wire loop are significant, as seen in Fig. 3.8. The 
three plots there show the power lost in the cable, and reflected away from the 
junction between the coil and the cable.  This was accounted for in the original 
design of the substrate coils, as multiple coils were deposited on the substrate such 
that the number of coils connected to the amplifier could be varied. Changing the 
number of coils connected to the amplifier would change the impedance of the load, 
allowing us to minimise reflections from the interface between the coil and cable, as 
the reflection coefficient Γ between the source and a load is dependent on their 
respective impedances ZS and ZL. The reflection coefficient is defined as 
𝛤 =
𝑉𝑟𝑒𝑓
𝑉0
                                                           (3.7.7) 
Where Vref is the amplitude of the reflected signal, and V0 is the amplitude of the 
original signal. In terms of the source and load impedances, Γ is given by 
𝛤 =
𝑍𝑆 − 𝑍𝐿
𝑍𝑆 + 𝑍𝐿
                                                           (3.7.8) 
Note here that the source is assumed to have the same impedance as the cable, to 
avoid reflections at their juncture. Unfortunately, we could only successfully connect 
one coil to the amplifier due to damage on the other coils. Increasing the coil 
impedance to match the cable is not necessarily purely beneficial, however. From 
Eq. (3.7.5), we see that an increase in the resistance of the coil will result in less 
current flowing through the coil. Varying impedance is then a trade-off between 
Figure 3.8: Losses due to the transmission cable and the RF coil, measured with a network 
analyser. The red line plots the ratio between the power output of the amplifier and the power 
dissipated by the loop, calculated from the loss in the cable and the reflection from the coil. 
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power losses due to reflections and current reduction due to resistance. Assuming 
purely resistive impedance from the coil, we find that the lower resistance results in a 
stronger magnetic field, despite the power loss from reflections. Applying Eq. (3.7.5) 
with R = 16 Ω and P = 1.25 W (the power transmitted to the coil at 2.8 GHz with 
cable losses and coil reflections), the current in the coil is 0.4 A. When the coil 
resistance is 50 Ω, however, the power is higher, approximately 2.23 W (since only 
losses from the cable are counted), but the larger resistance makes the current in 
the coil only 0.29 A. Losses in the cable are comparatively easy to reduce, since 
they are dependent on the length of the cable. 
Around 2.8 GHz, the NV centre’s ground state zero field splitting frequency, as much 
as 80% of the power output of the amplifier is lost due to losses in the cable and 
reflections from the coil. 
Another inefficiency in the apparatus is the fact that, in discrete crystals, we have no 
way of knowing the centre’s alignment relative to that of the magnetic field. The 
effective magnetic field Beff affecting the NV centre depends on the angle φ between 
the NV’s dipole and the direction of the magnetic field B, so we have 
𝑩𝑒𝑓𝑓 = 𝑩 cos 𝜑                                                        (3.7.9) 
In Chapter 7 we measure magnetic field orientation relative to NV orientation 
explicitly, but in most cases we simply assume that each crystal observed contains a 
large enough number of centres that the response observed is an average of each of 
the four possible NV orientations in the crystal. There is no need to do so in the 
Figure 3.9: Rabi frequency as a function of crystal position for a driving power of 6.3W, after 
accounting for a ratio of -7 dB between the amplifier and the loop. The Rabi frequency as 
calculated in Eq. (3.7.6) has units of angular frequency, and division by 2π converts it to Hz. 
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examples above – the assumption of no losses between the amplifier and the loop 
outsizes any considerations about NV-magnetic field alignment. Fig. 3.9 shows the 
Rabi frequency as a function of RF power in the loop for a range of driving powers. 
The key to ODMR measurements in the NV centre is optical detection. Once we 
have a method of inducing optical resonance in our NV centres, we must be able to 
measure the effect. This was done by sweeping the RF generator’s frequency across 
the ground and excited state resonance frequencies. Due to a limitation of the 
generator, it could not continuously sweep across both the ground and excited state 
resonances. The maximum sweep covering the ground state was between 1.9 GHz 
and 4.1 GHz, while the excited state resonance measurements were made between 
0.95 GHz and 2.05 GHz. We swept across the frequency range with a ramp function 
cycling at 0.28264 Hz. This frequency was chosen to synchronise the beginning of 
the frequency sweep and the camera’s acquisition cycle (300 images with 0.01 
seconds per exposure). When sweeping across the maximum allowable range, the 
300 points in the ground state spectrum are separated by 7.33 MHz, while the points 
in the excited state spectrum are separated by 3.67 MHz. The 0.01 second exposure 
time means that, in the course of one exposure, the frequency generator sweeps 
through 6.2 MHz during ground state resonance measurements, and 3.1 MHz during 
excited state resonance measurements. The magnetic resonance peaks in the 
ground state of the NV centre are around 10 MHz wide at room temperature (See 
[24]), so we sweep across a more limited range of frequencies to increase the 
resolution. When observing the ground state resonance in the absence of external 
fields, we set the generator to sweep from 2.54 GHz to 3.14 GHz, so that each 
image is separated by 2 MHz, and the frequency generator sweeps through 1.7 MHz 
in the course of each exposure. As can be seen in Chapter 7, the excited state 
resonances are significantly wider, and the 1.1 GHz sweep width is sufficient to 
observe resonances.  
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3.8. Pulsed Excitation 
Pulsed excitation is an innovative method used in our experiments. The aim of 
pulsed excitation is to simplify the relationship between the intensity of the laser 
excitation, the strength of the NV luminescence, and the absorption cross-section. 
The method was originally devised to measure the absorption cross-section of the 
NV centre, but luminescence measurements at high pulse energy provided new 
insights, as expounded on in Chapter 5 of this document. 
The aim of pulsed excitation is to set the repetition rate and length of the pulses such 
that two conditions are satisfied – a) No relaxation processes happen while the laser 
pulse is incident on the sample, that is, the pulse length is shorter than the shortest 
relaxation lifetime in the NV centre, and b) Each pulse encounters an NV system that 
has relaxed back to the ground state but has not lost spin coherence, that is, the 
pulse repetition period must be longer than the longest-lived relaxation process, but 
shorter than the spin decoherence time. In practice this means that individual pulses 
cannot last longer than ~10 nanoseconds (the lifetime of the excited state transition), 
and must be separated from each other by between 300 nanoseconds and 1 
millisecond (the lifetime of the metastable state and the decoherence time, 
respectively). 
The pulsed output Fianium custom fibre laser used to conduct these experiments 
generated 80 picosecond pulses, with a variable repetition rate up to 1 MHz. Had the 
pulse length been longer than 10 ns, we would begin to see the photoluminescence 
intensity become dependent on the non-radiative transition rates of the system, 
similar to CW excitation. It is suspected that, were we to measure the repetition rate-
scaled luminescence output as a function of the reciprocal of the pulse repetition 
rate, we would see a relatively constant relationship until the 1 kHz repetition rate 
was reached, after which we would expect the luminescence output to be reduced by 
approximately one third, since with 1 millisecond between laser pulses, the system 
would decohere and lose all information about its spin polarisation. We attempted to 
make the above described measurement to confirm this idea, but unfortunately were 
unable to gather sufficient signal at low laser repetition rates.       
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3.9. Spectrometry 
In the course of this thesis, NV luminescence spectra have been used to measure 
two things: the relative populations of the neutral and negatively charged NV 
species, and the NV centre’s temperature. Both of these pieces of information are 
gained by examining the zero phonon line (ZPL). In the case of the population 
comparison, a change in the 575 nm NV0 ZPL coupled with an equal and opposite 
change in the 645 nm NV- ZPL would indicate a population transfer between the two 
species. Furthermore, due to the long integration time necessary to make 
measurements with our spectrograph, such an observation is only possible in the 
case of a permanent population transfer between the two species. Temperature 
measurements are carried out by observing the shape and height of the ZPL. As the 
crystal temperature increases, additional phonon modes become accessible to the 
luminescent NV transition, and the zero phonon line is weakened as more transitions 
become phonon-mediated at higher temperatures. In principle it should be possible 
to observe the ZPL strength at known temperatures to calibrate the NV centre, 
potentially allowing optical thermometry with the NV centre.  
We measure the spectra of both NV species using a spectrograph, illustrated in Fig. 
3.10. Uncollimated polychromatic luminescence from the NV centre enters the slit (at 
bottom), and is directed to a collimating mirror. The collimated light is reflected off 
the diffraction grating, and interference effects cause light of different wavelengths to 
be reflected off the grating at different angles, forming a spectrum. This spectrum is 
focussed on to the CCD, where the intensities of the component wavelengths of the 
NV luminescence can be recorded. 
We must choose a spectrograph that is capable of making the measurements that 
we require. There are a number of considerations that go into this choice. Among 
them are: spectral resolution, spectral dispersion, reproducibility and wavelength 
sensitivity. Spectral resolution is a measure of how similar two wavelengths of light 
can be before we are no longer able to confidently tell them apart on the resulting 
image. Spectral resolution is theoretically limited by the density of grooves in the 
diffraction grating used, but in practice the width of the entrance slit is the 
determining factor. The reason for this is that increasing the groove density of a 
grating increases the spectral resolution without any loss or degradation of signal. 
Decreasing the slit width can also increase the spectral resolution independent of the 
groove density. This is because the diffraction grating effectively splits an image of 
the entrance slit into its component wavelengths. For example, if we send 
monochromatic light through the slit, the image on the camera will be one line whose 
width is that of the slit, modified by any magnification present in the optical 
components of the collimator or camera. Ideally, we wish to decrease the slit width to 
match the spectral resolution allowed by the diffraction grating’s groove density. 
However, as we decrease the slit width we also decrease the amount of light 
entering the spectrograph. This results in a reduced signal-to-noise ratio. Aside from 
3 • Methods   
51 
 
the issue of spectral resolution, the choice of slit width can also have other effects on 
our measurements. If the slit width is too large, or the area to be imaged is poorly 
chosen, it is possible to image two crystals on the same horizontal plane. If this 
happens, the resulting image will be the spectra of both crystals superimposed on 
each other. Such a spectrum is completely useless to us. The camera used to 
measure the spectrum is also a factor affecting spectral resolution. Ideally, we 
require that the width of the spectral feature we are trying to measure covers at least 
three CCD pixels, so that the full width at half-maximum of the feature can be 
determined. Spectral dispersion also plays a factor here. 
Spectral dispersion is a measure of the space taken up by the image of a spectrum. 
This will be dependent on which order of interference fringes are being measured, 
and is generally expressed in terms of nm per radian. However, in spectrographs, 
the collimator-camera distance is fixed, and the first-order fringes are the only ones 
measured. With these measurements fixed, the dispersion is measured in nm/mm at 
the camera. Knowing the total detector size, it is possible to calculate the range of 
wavelengths that we will be able to capture in one spectrum.  
The fact that our detector size is limited means that we must either shift the camera 
horizontally along the spectrum, or rotate the diffraction grating if we wish to capture 
more than a limited portion of a spectrum. The camera is fixed in most 
Figure 3.10: A detailed schematic view of the spectrograph 
used in our experiments. 
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spectrographs, so the diffraction grating is generally mounted on a moveable turret. 
Reproducibility of motion is therefore a factor affecting the accuracy of 
measurements. 
The behaviour of every optical component in a system is wavelength-dependent to a 
greater or lesser degree, and a spectrograph’s components are no exception. The 
diffraction gratings used in spectrographs are often tailored to achieve peak 
sensitivity around a ‘blaze’ wavelength, and we must ensure that this wavelength is 
suitable for the measurements we want to conduct. 
In our experiment, we use an Acton 2300i spectrograph, manufactured by Princeton 
Instruments. We used a diffraction grating with 150 grooves/mm, and though the slit 
width can be reduced to 10 µm, we achieved optimal balance of signal collection and 
spectral resolution with the slit open to approximately 100 µm. 
The resulting spectra appear as in the left hand portion of Fig. 3.11. Note that, in 
order to get a full spectrum, this data can be superimposed on a spectrum measured 
with a slightly lower and higher central wavelength. To calculate the scaling between 
CCD pixels and wavelength, we used a fluorescent lamp. Fluorescent lamps contain 
Figure 3.11: (Left) an example of the raw spectrum as measured by the CCD. The area 
between the red bars indicates where the signal for the right hand image was measured, 
while the area between the blue bars indicates where the background was measured. 
Background subtraction is necessary to remove extraneous light sources (such as 
inelastically scattered laser light) from within the laboratory, visible as horizontal lines on 
the spectrum. Multiple NV centres can be measured in one image, as long as they are 
vertically separated. (Right) The spectrum as measured between the red lines on the left 
hand image. The intensity is scaled to the brightest portion of the spectrum. To maximise 
signal strength, we shifted the crystal to be measured into the centre of the beam while 
observing the wide-field image before reducing the slit width and collecting the spectra. 
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mercury vapour, and the emission spectrum of mercury contains many sharp peaks 
at well-defined wavelengths. By imaging a fluorescent lamp’s spectrum and 
determining the CCD co-ordinates of five of these peaks, we were able to convert 
CCD co-ordinates to their corresponding wavelengths. An example of the emission 
spectrum of a fluorescent mercury vapour lamp is provided in Fig. 3.12, calibrated 
with data from NIST [139] and other sources [140]. 
We can use this calibration along with knowledge of the slit width to determine the 
spectral resolution. As stated above, a monochromatic spectral peak will be spread 
out to the slit width on the CCD. Similar to Rayleigh’s criterion, two spectral peaks 
will not be well resolved if their peaks are separated by less than 1 FWHM. Each 
spectral peak on the mercury lamp spectrum had a FWHM of 10 pixels, and from our 
calibration, each pixel covers approximately 0.3 nm. Therefore, if two peaks are less 
than 3 nm apart, they will be poorly resolved. For a slit width of 100 µm, as is used in 
our experiments, the spectral resolution is 3 nm. 
Additionally, to conclusively determine the shape of the spectrum, an accounting 
must also be made of the fact that the CCD’s collection efficiency and the diffraction 
grating’s reflectivity are both wavelength dependent. This accounting was made 
using a spectral lamp. The emission spectrum of this incandescent lamp is 
characterised extremely accurately. By measuring its emission spectrum using our 
apparatus and comparing it to the known emission spectrum, we are able to 
determine the sum of the wavelength-dependent inefficiencies in both the 
spectrograph’s diffraction grating and the CCD. 
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Figure 3.12: The spectrum of the fluorescent lamp used to calibrate the wavelength scale of our 
spectrograph. Peaks with known wavelengths are indicated. These labelled peaks are from the 
lamp’s Eu3+:Y2O3 phosphor. 
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3.10. Data Analysis 
NV luminescence data in these experiments always comes mediated through the 
CCD. Measurements of luminescence are derived from the counts registered by the 
CCD. Unless otherwise specified, all luminescence measurements and spectra, with 
the exception of the luminescence lifetime measurements in Chapter 5, were 
conducted with an Andor iXon EMCCD, thermoelectrically cooled to -75°C. Not every 
photon incident on the CCD is registered by it, and this efficiency varies with the 
wavelength of incident light. However, since this efficiency is the same for all 
measurements of NV luminescence, it only features prominently when counting NV 
centres by their luminescence rate and measuring NV spectra. Other measurements 
like ODMR only require measurements of relative luminescence. 
Generally, images were processed using MATLAB. The images are saved as binary 
arrays containing one value per co-ordinate – the count for that co-ordinate. To 
measure the luminescence output of a crystal, a background subtraction algorithm is 
applied. The simplest version of this process is exemplified in the measurement 
depicted in Fig. 3.3. To calculate the values plotted in that image, we summed the 
counts across a 10x10 square of pixels centred on a crystal, and subtracted the sum 
of a similar square, centred on an adjacent space containing no crystals. The 
difference between the two values is roughly the number of counts due to NV 
luminescence. This was the process used to analyse very small data sets on the 
order of 10 points, like the beam distribution above. However, some data sets, like 
an ODMR measurement, can have hundreds of luminescence measurements. 
Analysis of this data requires automation using simple MATLAB scripts. The scripted 
analysis searches for a local maximum in counts to find the exact location of the 
crystal. Each crystal is small enough to be diffraction-limited in our imaging system, 
which means that the luminescence we see can be described using a Gaussian 
function. The scripted analysis uses a chi-squared goodness-of-fit test (described in 
more detail below) to find the Gaussian function that best describes the 
luminescence profile observed in the image. This fitted Gaussian function is 
integrated to determine the total counts for the crystal under observation. 
Background subtraction is achieved in a manner similar to the manual analysis – the 
average background counts are determined from the luminescence-free pixels 
surrounding the crystal. 
In the experiments conducted as part of this thesis, we often need to determine the 
parameters that allow a known function to describe data that we have measured. 
Examples include the situation above, where we wish to find the parameters of the 2-
D Gaussian function that best describe the luminescence output of a diffraction-
limited spot. Another example is in Chapter 7, where we wish to determine the peak 
positions and widths of a number of Lorentzian functions, to describe the behaviour 
of an NV centre’s sublevel splitting energies in the presence of a magnetic field. To 
implement this method, we start with our set of i data points, di. We have a model of 
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how those points were generated (for example, a Lorentzian function that outputs the 
detected luminescence given a particular excitation frequency). We use the model to 
generate i points corresponding to the measurements that compose the set di. We 
call these points mi. We cannot be 100% certain of the accuracy of our data – each 
point measured could be different from the ‘true’ value. We assume these variations 
are normally distributed about the true value with standard deviation σd. To 
determine the accuracy of our model, we simply apply the following measure: 
𝜒2 = ∑
(𝑑𝑖 − 𝑚𝑖)
2
𝜎𝑑
                                                 (3.10.1)
𝑖
 
If the model is a good fit to the data, we expect χ2 to be roughly equal to i. To use 
this measure in our analyses, we note that typically the model is dependent on a 
number of parameters. Essentially, we generate a large number of these models, 
covering all possible values and combinations of parameters. We then subtract each 
model’s set of expected values from the measured data. These differences are 
summed, and the set of model parameters that deviates least from the measured 
data is chosen as the correct fit. This process could potentially be very resource 
intensive, but MATLAB’s fminsearch function is specialised to run such a process 
efficiently. 
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Chapter 4 • Measurements of 
NV Concentration and the 
Raman Scattering Coefficient 
of Water 
 
4.1 Introduction 
In this chapter I outline two experiments. The first intended to measure the concentration 
of NV centres in nanodiamonds that are in aqueous suspension by using the Raman 
scattering of water as an absolute intensity reference. The second experiment [27] 
measured the Raman scattering coefficient of water by calibrating it according to a well-
characterised intensity reference, namely, Rhodamine 6G. 
Due to a number of factors outlined in this chapter we were unable to measure the NV 
concentration. In the process of conducting this experiment we found that the Raman 
scattering coefficient of water was not known to greater than 10% accuracy. We used the 
apparatus developed for the unsuccessful NV concentration experiment to measure the 
Raman scattering coefficient of water to 2% accuracy, enabling its use as a spectrographic 
standard for other concentration measurement experiments.  
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4.2 Background 
It is very important to know the concentration of NV centres in nanodiamonds. The 
most pressing concern in NV research at the present moment is the consistent 
implantation of NV centres in sub-10 nm diamonds. To determine the efficacy of any 
given implantation method, it is necessary to be able to quickly and accurately 
measure the average number of NV centres per crystal. Prior to this experiment, NV 
concentration measurement in a nanocrystalline sample was neither quick nor 
particularly accurate. The standard method of NV concentration estimation is via 
simulation: a combination of Stopping Range of Ions in Matter (SRIM) and Monte 
Carlo simulations are used to determine the efficacy of vacancy creation and NV 
centre creation respectively [80]. Being simulations, this method leaves much to be 
desired in the way of accuracy. For crystals with very small numbers of NV centres,  
antibunching can be used to estimate the number of centres per crystal [141]. The 
method involves directing NV fluorescence into a Hanbury Brown and Twiss 
interferometer and measuring the second order correlation function. The method 
gets its name from the fact that the correlation function between the two arms of the 
interferometer will has a pronounced dip around 0 delay time, since a single 
quantum system cannot simultaneously emit two photons [142]. As stated above, 
however, this method only works for crystals with small numbers of centres, as the 
contrast of the second order correlation function is inversely proportional to the 
number of emitters. 
Recently, I conducted an experiment aimed at empirically measuring the 
concentration of NV centres within nanodiamonds [2]. The experiment was a 
success, but is quite limited: the method developed is only capable of measuring the 
number of NV centres in individual crystals. Measurements of average NV 
concentration are in principle possible using this method, but are in no way 
convenient, nor an efficient use of one’s time.  
The ineffectiveness of the methods outlined above is especially evident in 
comparison to NV concentration measurement in bulk diamond: a simple 
measurement of extinction across the length of a sample is enough to determine the 
concentration of NV centres in bulk diamond, using the Beer-Lambert Law [143]. We 
are motivated to find a method of NV concentration measurement in nanodiamond of 
comparable speed and accuracy. 
There is a great need for accurate Raman spectroscopy using water, as water is the 
most common solvent and therefore quite often a convenient intrinsic reference. For 
example, Raman spectroscopy in sea water can be used to determine 
concentrations of constituent chemicals [144, 145], and can help quantify the light 
field at depth [146, 147]. Raman spectroscopy in water is also useful in weather 
modelling, where mixing between atmospheric water vapour and various aerosols 
can be used to make models and predictions [148-150]. Furthermore, measurements 
of Raman scattering in water can be used to better understand the behaviour of 
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water itself, for example here [151], where Raman scattering is used to investigate 
molecular diffusion, or here [152], where the microscopic structure of a ‘water bridge’ 
is investigated.     
At the beginning this experiment, we had assumed that water was already a well-
characterised photometric standard for use in Raman spectroscopy, since it is the 
most common solvent in biological experiments. To our surprise, however, water is 
not listed among the widely-used spectrographic standards [153]. In its absence, a 
number of other internal and external references are used, ranging from chemicals 
added to the solution being examined, to diamond- or sapphire-based optical 
components placed in the optical path [154, 155]. The main factor affecting the use 
of water as a photometric standard is the reproducibility of measurements. Water 
was one of the first materials in which Raman scattering was observed by C.V. 
Raman [156], yet years of measurements of water’s Raman scattering coefficient 
have failed to achieve an accuracy greater than 10% [157-159]. We are therefore 
motivated to find a way to more accurately measure the Raman scattering coefficient 
of water. 
 
 59 
 
4.3 Experiment 
The first part of this section will outline the NV concentration measurement 
experiment, followed by the Raman scattering cross-section experiment. The goal of 
the NV concentration experiment is to compare the luminescence output of NV 
centres in a suspension of nanocrystals to an absolute reference (in this case, the 
Raman scattering of water) in order to determine the concentration of NV centres in 
suspension. Combining this concentration measurement with our foreknowledge of 
the concentration of nanodiamonds in the suspension will allow us to find the 
average number of NV centres per crystal. 
Our experimental apparatus is a wide-field microscope attached to a spectrometer, 
as described in Chapter 3. The sample used is a small (10mm x 10mm x 50 mm) 
quartz cuvette, filled with an aqueous suspension of nanodiamond, with a 
concentration 0.1 g/L.  
The Beer-Lambert Law [143] states that a beam travelling a distance d through a 
medium will have a photon flux given by the following: 
𝐹(𝑑) = 𝐹(0) exp(−𝜀(𝜆)𝑑)                                             (4.3.1) 
Here, ε(λ) is the wavelength-dependent extinction coefficient. Extinction in the 
incident beam can be caused by a number of different processes. The photon flux 
scattered by a process m is described by the following: 
𝐹𝑚(𝑑) = 𝐹(0)
1 − exp(−𝜀𝑑)
𝜀
𝜑𝑚𝑏𝑚                                       (4.3.2) 
Here, φm is the quantum yield of the process, that is, the ratio of photons emitted to 
photons absorbed. bm is the individual extinction coefficient of the process, and we 
note that 𝜀 = ∑ 𝑏𝑚𝑚 . 
It is important to note that, when the incident light intensity and distance travelled are 
equal, the flux output of two different processes can be compared regardless of other 
factors, that is  
𝐹𝑖
𝐹𝑘
=
𝑏𝑖𝜑𝑖
𝑏𝑘𝜑𝑘
                                                        (4.3.3) 
In a medium containing many inelastically scattering or luminescing particles with a 
volume density ρ and absorption cross-section σ, we can define the extinction 
coefficient like so 
𝑏𝑎 = 𝜌𝜎                                                           (4.3.4) 
For the NV centre, we know that incident light around 532 nm will be absorbed and 
re-emitted as luminescence around 680 nm, and a smaller amount will be elastically 
scattered by the nanocrystal. Water has a Raman scattering band corresponding to 
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OH bond stretching around 3400 cm-1 [27], which corresponds to 650 nm scattering 
under 532 nm excitation. Passing light through a cuvette with an aqueous 
suspension of nanodiamond in pure water will therefore yield a spectrum with two 
components in close proximity: NV luminescence and Raman scattering from water. 
Knowing the extinction coefficient of water precisely, and carefully accounting for all 
other losses in the system, will allow us to use the strength of the Raman scattering 
from water as an absolute measure of light output. Since the luminescence output of 
the NV centre is measured in the same spectrum, we will therefore be able to 
determine the absolute luminescence output of the NV nanodiamonds in suspension. 
The absolute luminescence output of the NV nanodiamonds in suspension is, 
assuming high quantum yield, equal to the amount of light absorbed by the NV 
centres, from which we can calculate the extinction coefficient due to NV absorption 
and re-emission. Having calculated the extinction coefficient, we can use our 
knowledge of the NV centre’s absorption cross section [2] to determine the 
concentration of NV emitters in the cuvette. Dividing the concentration of NV emitters 
by the concentration of nanodiamonds in the suspension will, finally, give us the 
number of NV centres per nanodiamond.   
There are three main problems with the implementation of this experiment, as 
outlined below. The first problem, as noted in section 4.2, is that water is not a well-
characterised photometric standard. To use the Raman scattering of water as an 
absolute reference, we first had to measure its scattering cross-section to better 
accuracy than the 10% available in the literature at the time. The second problem is 
the wide variability in NV centre quantum yields. This experiment was predicated on 
the once-prevalent assumption that the quantum yield of the NV centre is in most 
circumstances near-unity. Subsequent work [95] has shown this to be incorrect, and 
the present consensus is that the NV centre’s quantum yield is a highly contingent 
parameter. As implied by Eq. (4.3.2), the accuracy of this method is strongly 
dependent on clear and accurate knowledge of quantum yield. 
The variability of the NV centres’ quantum yield leads me to the final and largest 
hurdle for this experiment: size issues. The sample we used in our attempts to 
conduct this experiment contained diamonds with an average size of 35 nm. This 
average hides the fact that individual crystals have a wide range of sizes, with some 
crystals 5 nm or less, and others 100 nm or even larger. Average quantum yield has 
been shown to vary quite dramatically with crystal size [96], and NV concentration 
scales to the cube of crystal size [80]. Given these facts, a measurement of the NV 
concentration across a suspension of diamonds without any accounting for size will 
not yield any information useful to us, as we are primarily concerned with accurate 
measurements of NV concentration in small crystals, something that broad averages 
will not give us any insight into. 
As a result of this, we sought to find a way to isolate the diamonds according to their 
size. This, unfortunately, is where our attempt ran aground. We sought to use a 
centrifuge to separate the diamonds according to their weight, which of course is 
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directly correlated with crystal size, all other things being equal. We could in principle 
calculate the length and strength of centrifugation necessary to create an acceptable 
distribution of diamond sizes. Empirical confirmation of the diamond size distribution, 
however, would have required the use of an atomic force microscope or a high-
precision density meter. Lacking access to this equipment during the course of the 
experiment however meant that we had no way of confirming any calculations made. 
Fortunately the second part of this experiment, measurement of the Raman 
scattering coefficient of water, was much more successful. This measurement bears 
many similarities to the NV concentration measurement, in that in both cases we 
measure the parameter in question via calibration against an absolute reference: 
here, the fluorescent dye Rhodamine-6G.  
The experiment itself is very simple. First, we measure the amount of 532 nm laser 
light that is able to pass through a 10mm x 10mm x 50mm quartz cuvette containing 
a known concentration of Rhoadmine-6G in solution. From this we can derive the 
extinction coefficient of the luminescent dye, using Eq. (4.3.1). This allows us to use 
Rhodamine-6G as an absolute reference. By measuring spectra of Rhodamine-6G 
luminescence and Raman scattering from water, we can use Eq. (4.3.3) to determine 
the scattering coefficient of water, as 532 nm is far away from any other electronic 
transitions, which means that the quantum yield of the Raman scattering process in 
water will be 1. We expect this result to be much more accurate than previous 
measurements of water’s Raman scattering coefficient, since those measurements 
used benzene as the reference material. Measurements of the scattering coefficient 
of benzene are almost as inaccurate as those in water: two reported values in this 
paper [159] have uncertainties as high as 8%. The accuracy of our measurement is 
dependent on the quantum yield of Rhodamine-6G in ethanol, which is known to 
accuracy better than 1%. 
There is one complication that we must take into account for this experiment, 
however. The scattering process can change the polarisation of incoming light. The 
degree of depolarisation induced is expressible as a single parameter, called the 
depolarisation ratio [159]. To effectively account for this, it was necessary to 
measure all possible combinations of input and output light polarisations. To achieve 
this, we used a λ/2 waveplate to customise the incoming laser light’s polarisation. 
The laser is vertically polarised better than 99.9%, so this was effective at ensuring 
the polarisation of the incoming light. We placed a polariser before the entrance to 
the spectrometer to change which polarisations were measured in the spectra. 
As noted in Chapter 3, our microscope setup is confocal. Traditionally, Raman 
coefficient measurements are made at an angle of 90° to the incident beam [159]. 
Confocal measurement is actually preferable when the results are so strongly 
polarisation-dependent. In the conventional 90° configuration, care must be taken to 
account for the polarisation-dependent behaviour of all of the optical components in 
the system. In the confocal arrangement, we find that we only need to account for 
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the polarisation dependence of the microscope objective’s collection efficiency [27]. 
The only problem with the confocal configuration is the fact that we cannot measure 
spectra below approximately 550 nm, as the presence of the laser beam along the 
optical axis necessitates the use of a low-pass filter to eliminate stray light. We 
overcome this problem and obtain a complete spectrum with the aid of a separate 
spectrophotometer, the results of which are in excellent agreement with our own.   
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4.4 Results and Discussion 
This experiment is, in a number of ways, a great improvement over previous 
attempts to measure the Raman scattering coefficient of water. Our choice of 
absolute reference, Rhodamine-6G, is much more accurately characterised than 
benzene, the standard used in prior experiments. The confocal microscope setup 
used obviates the need to measure the polarisation dependence of each individual 
optical component in the system, reducing the number of possible sources of error in 
our final result. The biggest single source of error in this experiment lay in our ability 
to reproduce the concentration of the Rhodamine-6G solution. Measurements of the 
extinction coefficient and luminescence of the solution depend on accurate and 
precise knowledge of the fluorescent dye’s concentration. Fortunately, our ability to 
reproduce a given dye concentration is limited only by the amount of practice we’ve 
had. We measured six spectra with independently prepared Rhodamine-6G 
solutions, and found that the standard deviation of the spectra was not more than 
0.8%. Being able to prepare multiple independent measurements in this manner 
increased the accuracy of the final result. 
The increase in accuracy that these results represent cannot be overstated, as 
previously, the only existing measurements of water’s Raman scattering coefficient 
had been based on analytical expression, based on data points measured at other 
wavelengths [160]. Despite this fact, and the fact that the use of Rhodamine-6G 
makes our measurement completely independent of all other Raman scattering 
measurements in the literature, we found that our measured value fell within 5% of 
previously established values, albeit with a 5-fold increase in measurement 
accuracy. 
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4.6 Conclusion 
We are still some ways from quick, accurate NV concentration measurements in 
nanodiamonds. However, the accurate measurement of the Raman scattering 
coefficient of water conducted here provides one possible avenue by which this 
might be achieved. As noted in Eq. (4.3.3), Raman spectroscopy allows us to 
measure the quantum yield of luminescent particles. Such a measurement is not just 
helpful in accurate NV concentration measurements – the behaviour of the NV 
centre’s quantum yield and its relationship to crystal size, surface chemistry, and 
other factors is an area of active research and debate. The success of this method of 
NV concentration measurement is now contingent only on our ability to accurately 
isolate crystals of a particular size while in solution. 
As noted in Section 4.2, there are many other experiments that can be aided by 
accurate knowledge of the Raman scattering coefficient of water. As a matter of fact, 
our original publication [27] has already been cited by two other groups. One group 
accounted for our result in a study of the light field of ocean water in the mesopelagic 
zone (between 20 and 100 metres below sea level)  [161]. A second paper cited our 
result in an extensive study of the scattering behaviour of water at ultraviolet 
wavelengths [162].    
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Chapter 5 • All-Optical Control 
of Spin Polarisation 
 
5.1 Introduction 
This chapter describes the work done [1] investigating the anomalous decrease in the NV 
centre’s luminescence output under high energy (~1µJ) pulsed excitation [2], (also 
illustrated in Fig. 5.1). Mechanisms such as laser heating of the diamond sample are 
suggested, but the experiments conducted suggest that high pulse energies rapidly ionise 
the negatively-charged NV centre. Rapid recombination with electrons causes a loss of 
spin polarisation that accounts for the observed decrease in luminescence. 
This experiment demonstrates an extension of our ability to optically control NV centre 
spin polarisation. The work conducted here also provides insight into the electronic 
structure of the NV centre. We have shown that the NV centre’s metastable singlet does 
not decay exclusively to the ms = 0 sublevel of the ground state, as was previously thought 
necessary for spin polarisation to occur in the NV centre.  
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5.2 Background 
Symmetry considerations [26] suggest that the NV centre has a spin triplet ground 
and excited state, with a number of spin singlet states between. The exact ordering 
and number of these states is unclear. These spin singlets are believed to be 
responsible for the observed phenomenon of spin polarisation in the NV centre. Spin 
polarisation is due to the fact that the ms = ±1 → singlet transition rate is much higher 
than the ms = 0 → singlet rate. This difference can be observed directly by 
measuring the luminescence lifetime of the NV centre. Such measurements show 
two-exponential time decay. The two different decay rates indicate the two different 
relaxation paths that an NV centre can take from the excited state. The relative 
strength of the two exponents tells us about the populations of the spin sublevels. 
While this fact alone leads to a net spin population transfer into the ms = 0 sublevel 
given many excitation cycles, it was also widely believed that the singlet either 
relaxed exclusively into the ms = 0 sublevel of the ground state, or else the singlet → 
ms = ±1 transfer rate was so small as to be practically negligible.  
Before this experiment, spin polarisation was generated via repeated optical 
pumping of the NV centre’s main triplet-triplet transition. Due to the aforementioned 
differential excited state to singlet transition rates, a centre so pumped would 
eventually become polarised into the ms = 0 sublevel. In this manner, spin 
polarisations up to 85% could be achieved. Radio-frequency pulses can then be 
used to transfer the spin-polarised population into the ms = ±1 sublevel. However, 
once spin polarisation had been achieved, the only way to reverse it was to stop 
pumping and let the ground state decohere and lose its polarisation. Later in this 
chapter we demonstrate that high energy pulses can be used to ionise the NV 
centre. The post-recombination spin state is unrelated to the pre-recombination 
state, so spin polarisation is lost in NV centres that are ionised. 
Magnetic fields are known to induce spin depolarisation in the NV centre, as the 
triplet sublevels become superpositions of the zero-field basis states. This means 
that every sublevel of the excited state can relax non-radiatively, destroying the 
selectivity that is the mechanism of spin polarisation. 
In terms of competing systems that allow optical manipulation of quantum states, the 
NV centre, for the most part, stands alone. The only two comparable solid-state 
systems found by researchers are the self-assembling gallium-arsenide quantum dot 
and defects in silicon carbide. In GaAs QDs, a single electron or hole is trapped in a 
semiconducting medium [163]. These systems allow manipulation and ultrafast [164] 
readout of their electronic spin state for quantum measurements [165], but such 
measurements require cryogenic temperatures. The NV centre compares favourably 
to these systems - coherence times comparable to those of cryogenically-cooled 
quantum dots have been reported in ultrapure diamond at room temperature [112]. 
Silicon carbide defects are largely similar to defect centres in diamond, and 
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experiments have demonstrated their potential as another room-temperature spin 
qubit [166].   
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5.3 Experimental Setup 
The luminescence lifetime of the NV centre changes depending on the relative 
populations of the different sublevels of the excited state. As stated previously, the 
luminescence of the NV centre decays along a two-exponential curve. The long-lived 
component has a lifetime approximately 3 times that of the short-lived component, 
and we measure the luminescence lifetime based on crystals containing many 
centres. A crystal with a higher proportion of its excited state population in the ms = 
±1 sublevel will lose its luminescence faster than a crystal that is spin polarised into 
the ms = 0 sublevel, since there exists a non-radiative decay path. Therefore, the 
relative strengths of the long-and short-lived exponents of the luminescence decay 
curve must correspond to the degree of spin polarisation in the NV centre. This 
conclusion can be verified using something known to induce spin depolarisation. In 
this case, an external magnetic field was used to generate this depolarisation. 
We measured the luminescence lifetime of our NV samples using a time-gated 
ICCD. All of the results illustrated below are based on a single 35 nm crystal 
containing on the order of a few tens of defects, due to the difficulty of keeping track 
of many crystals over a wide variety of measurements. Laser pulses were used to 
excite the NV centre, and the ICCD was set to integrate for 40 ns at various delay 
times after the pulse. The time delay was achieved by electronically synchronising 
the laser pulses and the ICCD. The laser pulses could also be customised, allowing 
us to send up to 10 pulses of differing energies. A 10-pulse sequence could be 
repeated at up to 100 kHz. 
As previously stated, an external magnetic field can depolarise a spin polarised NV 
centre. If the observations we had made of the NV centre’s response to high pulse 
energy laser excitation were correct, then, we should expect that an NV centre 
depolarised by a magnetic field will show the same luminescence changes that an 
NV centre spin depolarised by high pulse energies will. In terms of experimental 
design, there are two things to account for when attempting to apply an external 
magnetic field to an NV centre: Field strength and orientation. As noted in Chapter 3, 
our apparatus enables us to finely control the field strength applied to a sample. 
There are four possible orientations that an NV centre can take relative to the lattice 
of the crystal it occupies, but in a dispersed sample of nanocrystals, we have no 
control over the orientation of the lattice. Our sample contains many crystals, each of 
which containing many centres. It is therefore assumed in our data analysis that the 
magnetic field is oriented parallel to at least one possible NV centre orientation.   
There are two pieces of information we seek from a measurement of the 
luminescence spectrum of an NV-containing diamonds crystal. The first piece of 
information is the width of the zero phonon line. Crystal lattice mode vibrations are 
quantised, and are named phonons. At low temperatures, the thermal energy in the 
crystal is low, and the probability that the phonon number will change during an 
electronic transition is low. Therefore, most electronic transitions occur with no 
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change in phonon number, and the emission spectrum of a luminescent transition 
peaks at one wavelength – the zero phonon line. As the crystal temperature rises 
and lattice vibrations become more pronounced, the NV centre’s transitions are more 
likely to involve a change in phonon number. This changes the energy gap between 
the two states. In a luminescent transition like the NV centre, each change in phonon 
number corresponds to a distinct emission wavelength. A higher change in phonon 
number means more of the luminescent transition’s energy is lost heating the crystal, 
so the zero-phonon line must have the shortest wavelength of all of the luminescent 
transitions. The resulting luminescence spectrum shows the zero phonon line at the 
shortest wavelength, and a phonon sideband composed of transitions that involve a 
changing phonon number. As the crystal temperature increases, the probability of a 
zero-phonon transition decreases. The zero phonon line becomes weaker while the 
sideband becomes stronger and widens. We can therefore use observations of the 
zero phonon line to determine if high energy pulses are inducing a change in 
temperature. 
The second piece of information we can gain from an unfiltered luminescence 
spectrum is a population ratio of the two NV species. If high energy pulses 
permanently ionise negatively charged NV centres, the strength of the negatively 
charged centre’s luminescence spectrum should decrease while the neutrally 
charged NV centre’s luminescence increases. 
The NV centres’ luminescence spectra were measured using an Acton spectrograph. 
The 640-740 nm band pass filter used to image the negatively charged centre was 
removed, and we moved the EMCCD to the spectrograph to image the 
luminescence spectrum. 
Modelling the NV centre’s electronic structure was done using 10 states: 3 ground 
states, 3 excited states, 1 metastable singlet, and 3 double-excited states. Each 
state has an associated rate equation, representing the change in population as a 
result of excitation and relaxation. For example, the ground states gain population 
from the relaxation of the excited and singlet states, and lose population to the 
excited state according to the intensity of laser excitation with the absorption cross-
section as a proportionality constant. The transition rates associated with the 
metastable singlet and the recombination rates from the double-excited state to the 
excited state can be modified in order to reproduce the observed phenomena. 
In analysing the NV centre’s electronic structure in the course of this experiment, our 
primary concern was calculation of the centre’s transition rates. For this reason, we 
used a 10-level scheme, as illustrated in the appendix of [1]. Three levels are 
assigned to each of the ground, excited- and ‘double-excited’-state sublevels, and 
one to the metastable state (since the internal dynamics of the metastable state are 
beyond the scope of the experiment). In the vein of [3], rate equations are used to 
model transitions between states. These transitions are governed by the strength of 
the laser excitation and the intersystem transition rates. 
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5.4 Results & Discussion 
Based on the results presented below, we conclude that spin depolarisation is the 
cause of the observed anomalous luminescence decrease [25], presented in Fig. 
5.1. 
 
We submit three pieces of evidence for this assertion. The first is the NV 
luminescence behaviour in the presence of a magnetic field, shown here in Fig. 5.2. 
Figure 5.1: The anomalous luminescence decrease. The red fitting line is the 
expected behaviour according to Eq. (2.5.3) [2]. 
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The rate of anomalous luminescence decrease appears to slow at high pulse 
energies (~1 µJ/pulse). The presence of a magnetic field mitigates the anomalous 
saturation behaviour. At high magnetic field strength (~290 mT), the luminescence 
intensity at saturation is almost equal to the luminescence intensity in the region of 
greatest anomalous behaviour. This tells us that the mechanism by which magnetic 
fields affect NV luminescence could be similar to the mechanism by which high 
excitation pulse energies do so. Of note is the similarly asymptotic behaviour of the 
luminescence changes brought about by high magnetic field and high excitation 
pulse energy. Both of these behaviours are consistent with spin depolarisation. As 
noted in section 5.2, magnetic fields induce spin depolarisation by mixing the spin 
sublevels. The luminescence decrease resulting from this mixing reaches a minimum 
asymptotically, corresponding to equal population of the spin sublevels. 
[1] 
Figure 5.2: (Left) The luminescence saturation curve in the presence of various external magnetic 
fields, as denoted in the legend on the left. Note how the peak luminescence converges to the 
high-pulse energy luminescence as the field strength increases. Lines are present to guide the eye. 
(Right) Our model of the NV centre’s luminescence response in the presence of an external 
magnetic field. The model is covered in more detail below, and of course in [1]. 
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The second piece of evidence is our observation of the NV centre’s luminescence 
lifetime under various conditions, plotted in Fig. 5.3. 
We see that the luminescence intensity, R, of the NV centre follows a two-
exponential decay of the form 
𝑅 =  𝐴1 exp(−𝑘1𝑡) + 𝐴2 exp(−𝑘2𝑡)                                  (5.4.1) 
Table 5.1 shows the fitting parameters for the various luminescence decay curves 
plotted in Fig. 5.3. 
Pulse 
Energy (µJ) 
Magnetic 
Field (mT) 
Rate 1, k1 
(MHz) 
Rate 2, k2 
(MHz) 
Amplitude 
1 
Amplitude 
2 
0.013 0 57±7 18±1 0.059±8 0.115±9 
0.085 0 61.4±0.3 17.9±0.3 0.126±6 0.216±3 
1.1 0 85±5 18.9±0.6 0.130±5 0.117±5 
0.013 290 70±3 20±2 0.074±4 0.029±4 
1.1 290 70±2 17±1 0.195±5 0.050±5 
Figure 5.3: Luminescence decay curves measured under various 
pulse energies and magnetic field strengths. The numbers on 
the curves correspond to the ordering of the fitting parameters 
in Table 5.1. 
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Again, comparison to the luminescence decay behaviour in the presence of a 
magnetic field yields insight. The decay rates are ~70 MHz for the ‘fast’ component 
of the decay (k1), and ~20 MHz for the ‘slow’ component (k2). This suggests a 
physical interpretation for the two decay parameters – namely, that k1 corresponds to 
the decay rate of the ms = ±1 sublevel, and k2 corresponds to the decay rate of the 
ms = 0 sublevel. At low pulse energies (0.013 µJ/pulse), we see that the slow, i.e., 
radiative, component dominates the decay dynamic. At high pulse energy, the fast 
component takes over. We see a similar process occurring in the presence of a 
magnetic field, suggesting once again that a similar process is at play. 
The final and most compelling piece of evidence is illustrated in Fig. 5.4. 
Here, suspecting that spin depolarisation is the cause of the anomalous 
luminescence behaviour, we developed an experiment capable of confirming or 
denying the hypothesis. We demonstrate that a series of ‘repolarising’ pulses are 
Figure 5.4: Our measurements of NV luminescence under pulse sequences 
illustrated in the inset image. The pulse energy Em corresponds to 0.085 µJ, 
which elicits peak luminescence output from the NV centre. 
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capable of mitigating the anomalous luminescence behaviour, with 9 such pulses 
almost completely eliminating the behaviour. The repolarising pulse energy was 
chosen to correspond to the peak of the luminescence curve. Clearly, the low-energy 
pulses are spin-polarising the system after it has been depolarised by the initial high-
energy pulse. 
The evidence offered here clearly points to spin depolarisation as the cause of 
luminescence decay. Indeed, we are even able to control the depolarisation to a 
limited extent through judicious application of customised excitation pulse 
sequences. However, the cause of this process is not immediately apparent. Given 
that the phenomenon is observed under high-intensity laser excitation, laser-induced 
crystal heating appears to be a likely cause. The spin-lattice relaxation rate 
increases with the fifth power of the crystal temperature [167], and luminescence 
changes induced by temperature variations have been studied previously for 
possible use in nanothermometry [23]. Based on that work, we have a simple way of 
testing whether significant crystal heating accompanies the laser excitation. The 
zero-phonon line (ZPL) of the NV centre exhibits significant broadening at high 
temperature, becoming completely indistinguishable from the phonon sideband at 
temperatures exceeding 400 K.  
A measurement of the luminescence spectrum under high and low excitation pulse 
energies, such as the one illustrated in Fig. 5.5, allows us to reject the hypothesis.  
The ZPLs of both the negatively- and neutrally-charged NV species retain their 
width. For crystal heating to cause the observed spin depolarisation, a complete 
heating and cooling cycle must occur over a timescale shorter than the 
luminescence lifetime of the NV centre (approximately ~20 ns). For complete spin 
NV- 
NV0 
Figure 5.5: Luminescence spectra of the NV centre 
at high and low excitation pulse energies. The ZPLs 
of the NV- and NV0 centres are indicated. 
5 • All-Optical Control of Spin Polarisation 
 
75 
 
depolarisation to occur, the spin-lattice relaxation rate must be at least 50 MHz, 
compared to a 1 kHz rate at room temperature. Such an increase in spin-lattice 
relaxation time would require a crystal temperature of several thousand Kelvin. This 
scenario is plainly unrealistic, but our measurement of the luminescence spectrum 
suggests a more plausible scenario. 
In Fig. 5.5, we see the luminescence spectra of both the NV charge states, NV- and 
NV0. At high excitation pulse energy, we can clearly see that the strength of the 
negatively charged centre’s emission is decreased, while the neutral species’ 
luminescence remains constant. We may have expected to see an increase in NV0 
luminescence corresponding to the decrease in NV- luminescence. Photoionisation 
of NV- into NV0 has been observed previously [168], along with light-induced 
recombination of NV0 into NV- [89]. However, in our experiment we do not observe 
any increase in the population of the NV0 species. Still, the proximity of the NV- 
excited state to the conduction band makes photoionisation a likely scenario, even if 
the NV0 species is populated long enough to be observed in the luminescence 
spectrum. 
We postulate that the NV- centre is photoionised in a two-step process, in which one 
photon excites the NV- centre into its excited state, and another photon ionises the 
centre, converting it to NV0. We suggest a one-photon process starting from the 
excited state, as the conduction band is accessible from the excited state under 532 
nm excitation, and the luminescence drop does not follow the quadratic intensity 
dependence expected from a two-photon process. After photoionisation, the NV 
centre must recombine with an electron on a timescale less than the NV0 centre’s 
luminescence lifetime. Fortunately, this process is much more plausible than a 6000 
K heating-cooling cycle over the same time-scale. Our model is based on the 
existence of a double-excited ‘C’ state, lying in the NV centre’s conduction band, with 
the same multiplicity as the NV- excited state. In this circumstance, the C state can 
rapidly relax to the excited state, with the extra energy being converted to vibronic 
energy, released into the diamond lattice [169]. Such decay is capable of 
depolarising the spin sublevels of the NV centre. Strong vibronic coupling between 
states, such as the C state and the NV- excited state, has been demonstrated to 
markedly increase spin-orbit coupling. An increase in spin-orbit coupling would, 
consequently, increase spin sublevel conversions [170]. We therefore have a 
mechanism by which photoionisation of the NV- centre can lead to spin 
depolarisation. 
We note that the rate of repolarisation, and magnetic field-induced mixing of the spin 
sublevels, as measured in Figs. 4 and 2, are strongly dependent on the transition 
rates of the system. We attempted to fit our experimental data using the rate 
equation model described in section 5.3, to determine the system’s transition rates. 
We find that our data is best modelled under the assumption that the singlet to 
ground state transition rate reported in [3] describes the sum of the singlet to ground 
state decay rates to all ground state sublevels, and that spin polarisation results from 
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preferential decay of the singlet to the ms = 0 sublevel of the ground state and not 
exclusive decay, as previously supposed. 
Finally, it should be noted that because these measurements were conducted on a 
single crystal. Measurements on other crystals can be expected to show wide 
variations in measured parameters due to differing circumstances, with crystal size 
having the most pronounced effect. For example, a similar investigation of the 
excited state sublevel decay rates [171] measured a similar ms = ±1 sublevel decay 
rate, but measured a factor of two difference in the ms = 0 sublevel decay rate.  
However, the conclusions presented here are robust to variations of this type – they 
are based not on the exact magnitude of the parameters, but rather their 
relationships to each other. 
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5.5 Conclusion 
In this chapter, we have analysed our discovery of anomalous saturation behaviour 
in the NV centre’s luminescence. We have used spectrographic and magnetic 
analysis, along with luminescence lifetime measurements, all to confirm the 
presence of a two-photon photoionisation process in the negatively-charged NV 
centre. This discovery has since been confirmed experimentally by other groups. 
Their experiments confirm our hypothesis of two-photon absorption leading to 
photoionisation under 532 nm excitation [172]. They also find that photoionisation is 
a single-photon process at shorter wavelengths (437 nm or below). 
Our work also advances the NV centre as a solid state two-level system for quantum 
information applications. After photoionisation, we observe a rapid recombination 
process, likely due to the presence of other impurities near the NV centre. This 
recombination process does not preserve the pre-ionisation spin state, which means 
that a single high-energy pulse can be selectively applied to remove the spin 
polarisation of an already spin-polarised NV centre. Given our demonstrated ability 
to spin-polarise the centre over the course of a few 80 ps pulses, this serves as a 
demonstration of complete optically-based control of the NV centre’s spin 
polarisation, via rapid conversion between the negative and neutral charge states. 
This experiment is the first demonstration of such fine control over the NV centre’s 
spin polarisation. Future work should be aimed at determining the relationship 
between neighbouring impurities and charge conversion in the NV centre, to better 
understand the process observed in this experiment. 
Finally, this experiment has given us further insight into the NV centre’s electronic 
structure. Previously, it was assumed that the ms = 0 sublevel of the excited state 
was forbidden from relaxing to ground via the metastable singlet state, and that the 
metastable singlet state relaxed exclusively to the ms = 0 sublevel of the ground 
state. Researchers had thought that both of these conditions are necessary for spin 
polarisation to occur. We have demonstrated in the course of this experiment that 
only the first of these conditions are necessary. The exact structure of the NV 
centre’s metastable singlet is the subject of debate in the literature, and this result 
provides much needed practical constraints on theoretical modelling to be done in 
future.  
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Chapter 6 • High-Contrast 
Imaging of NV Centres 
 
6.1 Introduction 
In this chapter I describe the experiment I conducted to enhance the contrast of images of 
NV luminescence, especially in noisy backgrounds with fluorescence at similar 
wavelengths to that of the NV centre. The experiment leverages the fact that the 
luminescence of a spin-polarised NV centre is reduced in the presence of a magnetic field 
to differentiate the NV centre from background luminescence. The results demonstrate the 
ability to reliably tell the difference between NV centres and chlorophyll-filled chloroplasts, 
which were previously only identifiable by comparing luminescence spectra. The chapter 
concludes by describing potential improvements to this system, allowing much quicker 
imaging for time-sensitive biological measurements. This experiment has been published 
in Optics Letters [28]. 
This result is useful for biolabelling applications, since the method demonstrated is quicker 
and easier than other methods capable of realising the same result – namely, 
luminescence spectra and radio-frequency induced spin transitions. 
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6.2 Background 
Improving our ability to detect NV centres is important for biological sensing 
applications. The NV centre is relatively unique among the markers and dyes 
commonly used in biosensing, such as Green Fluorescent Protein (GFP) and 
Rhodamine dyes. This uniqueness stems from the fact that the NV centre is a defect 
within a larger, non-luminescent crystal. This property helps prevent photobleaching, 
and keeps the centre’s luminescence from being affected by the chemical conditions 
of its environment. Both properties are greatly desirable, but they come at a cost. 
The absorption cross-section of the NV centre is an order of magnitude smaller than 
that of the best dyes. While NV centres are capable of luminescence intensities on 
par with fluorescent dyes, they require much higher excitation intensities (two orders 
of magnitude) to do so [173]. NV researchers are therefore motivated to minimise the 
excitation intensity necessary to observe luminescence from the NV centre, to 
minimise the potential for damage and unwarranted heating. Increasing NV density 
in diamond is one avenue, and successful NV implantation in 5 nm crystals has been 
demonstrated [80]. Another avenue, explored in this chapter, is the use of properties 
unique to the NV centre to increase the signal-to-noise ratio of measurements. 
Enhancing the signal-to noise ratio in biological labels generally is of key importance. 
Autofluorescence in biological samples tends to be below around 700 nm [174, 175], 
meaning that only labels emitting at near-infrared or longer wavelengths can 
effectively avoid interference from the cellular environment. Many schemes have 
been developed to boost contrast, though most methods require trade-offs of greater 
or lesser magnitude.  
The core goal of this experiment is to use the unique properties of the NV centre to 
differentiate NV luminescence from any given background. Therefore, it is important 
to explore the various unique aspects of NV luminescence, and compare their utility 
as unique NV identifiers. Of these properties, the NV centres’ response to radio 
frequency excitation, its response to external magnetic fields, and its luminescence 
spectrum are examined in this section.  
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The luminescence spectrum of the NV centre, pictured as the red spectrum in Fig. 
6.1, has a few identifiable features. Most NV centres have both negatively- and 
neutrally-charged species present, and the zero-phonon lines are easily discernible 
from cryonic temperatures up to 400 K. Fig. 6.2 demonstrates the utility of spectral 
analysis, as the NV centre is easily distinguishable from the emission spectrum of 
chlorophyll, despite the fact that wide-field microscopy would be almost completely 
unable to distinguish their luminescence. However, using luminescence spectra to 
distinguish NV centres from background luminescence is not suitable for contrast 
enhancement in biological imaging applications. Though there have been 
experiments aimed at separating out specific spectral components [176], such a 
method is not always reliable, especially in circumstances where the 
autofluorescence background is much brighter than the label signal. Spectrography 
uses diffraction gratings to split an image up into multiple wavelength-restricted 
images, each image containing only a fraction of the original light emitted by the 
luminescent object. Low brightness is one of the limitations of the NV centre, brought 
about by the difficulty of creating high-NV-density crystals. Luminescence spectra 
therefore require long exposure times to be effective. Many biological measurements 
are time-sensitive, so we wish to reduce image acquisition times as much as 
possible. 
The radiative transition in the NV centre occurs between two spin-triplet states, as 
illustrated in Fig. 6.2. The existence of the singlet state, coupled with the forbidden 
transition from the ms = 0 to said singlet, creates polarisation of the spin state into ms 
= 0 after pumping of the triplet-triplet optical transition. The luminescence output of 
an NV centre so polarised is larger than an unpolarised or oppositely-polarised 
NV0 ZPL 
NV- ZPL 
Figure 6.1: The NV centre in a 35 nm nanocrystal (red), compared to the emission spectrum of a 
chloroplast (blue). Chloroplasts, filled with chlorophyll, are the photosynthesising bodies of plant 
cells. Attenuation below 545 nm is due to long-pass filtering designed to eliminate light from the 
532 nm laser. Note the zero-phonon lines (ZPLs), indicated on the image. 
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centre, since no relaxation occurs via the nonradiative singlet path. An RF pulse at 
the frequency of the zero-field transition can change the NV centre spin polarisation, 
and this change is optically detectable. This is one of the key uses of the NV centre 
(see Chapters 2, 7, 8) but experimental implementations can be cumbersome, 
especially when dealing with delicate biological tissue. Generating an RF field 
capable of affecting the NV centre requires bringing a thin current-carrying wire very 
close to a sample. There is some risk of heating the sample due to resistive heating 
in the wire. In addition, the 2.83 GHz ground state zero-field splitting frequency is 
strongly absorbed by water. This can lead to unwanted heating in biological samples. 
Despite these drawbacks, the method has seen limited application in in vivo imaging 
experiments [177]. Rapid modulation of the RF signal enables the use of lock-in 
detection to further increase the signal-to-noise ratio of the detection schema, as 
demonstrated in a recent paper [69]. 
Though not as unique an identifying feature as the RF response or luminescence 
spectrum, the luminescence lifetime of the NV centre has also been used to 
differentiate it from background autofluorescence. The NV centre’s luminescence 
lifetime is around 20 ns (see Chapter 5, along with [9, 86]). This is approximately 
twice the lifetime of most sources of biological autofluorescence [178]. Identification 
of NV centres based on their longer luminescence lifetime has been achieved in a 
number of experiments [45, 179, 180]. The main limitation of this method is that 
measurements of luminescence lifetimes require cameras capable of ultra-short 
(pico- or nanosecond) timescale measurements. Intensified CCDs capable of these 
kinds of measurements are comparatively much less sensitive than electron-
multiplying CCDs used for imaging. 
Using magnetic fields to modulate fluorescence in order to boost signal-to-noise ratio 
is not new. For example, a 2002 paper [181] describes an experiment in which 
micron-sized fluorescent polystyrene beads containing ferromagnetic material are 
used as fluorescent labels that blink in response to rotating magnetic fields. External 
magnetic fields also have an effect on the luminescence of a spin-polarised NV 
centre. In Fig. 6.2, the ms = ±1 sublevels of the ground and excited states are shown 
to be degenerate. External magnetic fields lift these degeneracies. This process is 
called the Zeeman Effect. Changing the energies of the NV triplet sublevels allows 
mixing between them. These mixed states are all capable of relaxing via the 
metastable singlet, reducing the level of spin polarisation proportional to the strength 
of the external field. Observing the luminescence of the NV centre, we see that the 
application of an external magnetic field reduces the luminescence of a spin-
polarised NV centre. This is very useful in practical terms, as the generation of an 
external magnetic field is much simpler than the generation of external RF signals. 
Luminescence changes on the order of 30% can be achieved with magnetic field 
strengths around 30 mT. Magnetic fields with strength this order of magnitude can be 
generated with fridge magnets, let alone electromagnets or powerful neodymium 
magnets.  
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As noted above, some loss of signal results when using the NV centre’s response to 
magnetic fields or RF signals to differentiate it from a luminescent background. This 
reduced signal is still much greater than the signal collected during a measurement 
of the luminescence spectrum, however. More importantly, the luminescent 
background in which an NV centre is being imaged is a large source of noise. 
Reducing this background noise should handily overcome the small loss of signal. 
Figure 6.2: Electronic structure of the NV centre. Between the ms = ±1 and 0 sublevels of the 
3A 
ground and 3E excited states there are zero-field splittings, indicated with solid grey arrows. Note 
that the 20 MHz decay rate on the ms = ±1 decay is for the radiative component only, which is 
equal to the ms = 0 sublevel’s radiative decay rate [3]. 
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6.3 Experimental Setup 
The proof of concept experiment discussed here uses the fact that a magnetic field 
causes a drop in the luminescence of the NV centre, without affecting background 
luminescence. This effect is leveraged to easily distinguish NV diamonds from 
luminescent bodies with a nearly identical spectral emission range. 
To appropriately test this method of NV contrast enhancement, we required a 
substance that could form a ‘noisy background’ from which we could attempt to 
distinguish NV crystals. This background had to be luminescent, with a spectral 
range very similar to the NV centre. If this was not the case, simple optical filtering 
could be used to identify the NV centres. The background luminescence also had to 
be independent of external magnetic fields. Ideally, the noisy background should 
also be something commonly encountered in biological experiments, to better 
demonstrate the use of this method in such experiments. 
Bovine serum albumin autofluorescence is often considered an issue in biological 
experiments, due to the ubiquity of the substance’s use as a nutrient for cell cultures. 
However, this autofluorescence is in the range 300-400 nm. NV luminescence, which 
peaks at 680 nm, could be easily distinguished with a low-pass optical filter. We 
chose chlorophyll contained within chloroplasts for this experiment. Fig. 6.1 
illustrates the very similar luminescence spectrum shared by the two emitters, 
though it should be noted that chlorophyll’s luminescence characteristics can vary 
depending on the solvent [182]. Chlorophyll’s luminescence is also unaffected by 
external magnetic fields, although a susceptibility to such fields is rare in fluorescent 
materials. Another unexpected benefit to the use of chloroplasts is the fact that, with 
an average size on the order of a micrometre, chloroplasts appear very similar to 
clumps of NV-containing diamonds. This is illustrated in the left hand sub image of 
Fig. 6.3. This makes the task of distinguishing the two emitters more difficult – and 
better demonstrates the proof of concept when we successfully distinguish NV 
centres from the ‘noisy background’. 
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After deciding on chlorophyll as the noisy background of choice, we set about 
preparing a sample with a chlorophyll background. In a plant cell, chlorophyll is 
contained in intracellular bodies called chloroplasts. To obtain a solution of pure 
chlorophyll, it is necessary to separate the chloroplasts from the rest of the cell, then 
to dissolve the chloroplast membrane to isolate the chlorophyll. 
The method is better demonstrated if NV centres could be distinguished from 
discrete luminescent bodies, as opposed to a homogeneous background. We 
therefore decided against isolating the chlorophyll, and prepared a solution of 
chloroplasts instead. 
The chloroplasts were isolated from spinach leaves, since spinach has one of the 
highest concentrations of chlorophyll of any readily-available plant – each leaf is 
approximately 2% chlorophyll by weight. We can separate chloroplasts from leaves 
by mechanical action alone, and the procedure is very common in biology 
laboratories. We deveined the leaves, and ground them in a mortar and pestle with a 
0.5M sucrose solution. This grinding breaches the cell walls and allows us to further 
separate the components of the cell. The ground leaves are centrifuged, and the 
chloroplasts are the only fluorescent cell components that reach the bottom of the 
test tube during this process.  
We spin-coated this solution onto a silica quartz slide treated with piranha solution to 
become hydrophilic. We subsequently spin-coated the slides with NV nanodiamonds 
in aqueous suspension. This process is described in more detail in Chapter 3 of this 
Thesis, though it should be noted that there spin coating was conducted at 1000 
RPM for both substances. The difference in mass between the chloroplasts and the 
Figure 6.3: Left: CCD image of the sample containing both NV diamonds and spinach 
chloroplasts. The red circle indicates the diamond from which the red spectrum in 
Fig. 2 was measured. The blue circle indicates the chloroplast from which Fig. 2’s 
blue spectrum was derived. Right: The result of subtracting an image taken earlier, 
in the presence of a magnetic field. Note the count scale, centred at 0. Chlorophyll 
bleaching accounts for the positive change in counts when the chronologically first 
image is subtracted from the later image. Note that in both images the x and y axes 
denote pixel co-ordinates only. 
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NV nanodiamonds did not lead to radically different distributions of the two 
substances across the surface of the sample slide. 
An external magnetic field was applied perpendicular to the sample surface using 
three 3 mm × 2 mm cylindrical neodymium magnets stacked for ease of handling. 
The minimum magnet-sample distance achievable with our apparatus was 1 mm, the 
thickness of the sample slide. At this distance, the magnetic field was approximately 
0.5 T. However, we do not require magnetic fields on this order of magnitude to 
induce significant spin mixing in the NV centre. A luminescence decrease on the 
order of 25% can be achieved with a magnetic field as low as 25 mT. In our 
apparatus, this corresponds to a magnet-sample distance of 6 mm. This is the field 
strength at which we have demonstrated our method (see Fig. 6.3, right image). A 
more detailed accounting of the field strength required to achieve mixing in the NV 
ground and excited state triplet sublevels is present in Chapter 5, in which the 
magnetic field strength is varied to change the level of NV luminescence reduction. 
The exact orientation and strength of the applied magnetic field is not as important to 
this experiment as it is to, for example, the measurements in Chapter 7. The field 
need only be strong enough to generate a measurable change in the luminescence 
output of the NV centres. 
When designing the experiment, it was important that the luminescence output of the 
background was on the same order of magnitude as that of the NV centre. Each 
molecule of chlorophyll is capable of luminescence, and there are thousands more 
chlorophyll molecules in each chloroplast than NV centres in any given diamond. 
The chloroplasts are more than capable of rendering NV centres practically invisible. 
However, their luminescence is not constant. Like many molecular pigments and 
dyes, chlorophyll undergoes photobleaching after only a few excitation and emission 
cycles. By estimating the luminescence output of the NV centre under laser 
excitation, we can ‘pre-bleach’ the chloroplasts so that their emission intensity is the 
same order of magnitude as that of the NV centre. 
To minimise the rate of chlorophyll photobleaching, we chose to pump the sample 
with 50 mW of 532 nm light from a Verdi-brand CW laser. We estimate the laser to 
cover a circular area with 30 µm diameter on the sample. The average laser intensity 
across the beam is therefore 2 kW cm-2. From this, we calculate that there are 
5×1021 photons cm-2 s-1 incident on the sample. From previous work [2], we know 
that the absorption cross-section of an NV centre is approximately 10-16 cm2. 
Measurements of the luminescence output under pulsed laser excitation tell us that 
this NV nanodiamond sample contains roughly 10 centres per crystal. These two 
facts, combined with the number of incident photon intensity, tell us that 5×106 
photons will be absorbed per crystal every second. The emission rate of the radiative 
transition is approximately 20 MHz (as measured in Section 5.4), and it has a 
quantum yield negligibly less than 1. Note that this emission rate is lower than other 
reports [171], and therefore represents a conservative estimate for this exercise. 
Therefore, at a laser intensity of 50 mW, the NV emission rate will be roughly 25% of 
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the maximum emission rate. Our apparatus has a detection efficiency of 1%. From 
these figures, we determined that the total CCD count rate for an average NV 
nanodiamond at 50 mW would be roughly 50,000 counts per second. To ensure that 
NV luminescence would not be completely eclipsed by chlorophyll luminescence, it 
was necessary to use the laser to ‘pre-bleach’ the chloroplasts until their emission 
was reduced to around 50,000 counts per second. In practice, this was achieved 
after only a few minutes of optical pumping. The sample had to be kept away from 
external light sources between measurements, to prevent premature photobleaching. 
The external magnetic field reduces NV luminescence, and optical pumping also 
reduces chlorophyll luminescence. For an effective use of the magnetic field to 
improve the contrast of NV imaging, it was necessary to image the diamond-
chloroplast sample with the magnetic field applied first, then to image the sample 
with no magnetic field. If we make an image composed of the second image’s data 
subtracted from the first image’s data, in this image we expect that chloroplasts will 
have a positive number of counts, while NV diamonds will have a negative number of 
counts.   
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6.4 Results 
Our result is shown in the right-hand image of Fig. 6.3. Though the diamond crystals 
and chloroplasts are not distinguishable when imaged alone, the NV crystals are the 
only ones that increase their luminescence output when the magnetic field is taken 
away. The magnitude of this change is approximately 25%, and it is rendered more 
dramatic by the fact that the chlorophyll background undergoes a 20% decrease in 
autofluorescence due to photobleaching in the same time period. The images 
measured here were exposed for approximately 1 second each, and perhaps 30 
seconds of cumulative laser exposure accrued to the sample during and between 
measurements, due to time spent adjusting the image focus. 
The 25 mT magnetic field strength used in this experiment caused a luminescence 
decrease of approximately 25% in the diamonds. While the background elimination 
demonstrated by this method is substantial, it may be necessary to optimise the 
luminescence output of the NV centre. Fortunately, the magnitude of the 
luminescence decrease is strongly dependent on the strength of the field applied. 
This allows us to tailor the method to the experiment being conducted. If we are 
working with very low excitation intensities for example, the low signal may be what 
reduces our SNR. In this case, low field strengths can be used to keep the 
luminescence rate from being unduly reduced. In most experiments, however, high 
background noise is a larger problem than low signal strength. In these cases, a 
stronger magnetic field can be used to increase the change in NV luminescence, 
providing greater contrast. 
This experiment serves as a proof of concept, and the method can be made more 
effective, mainly by increasing the speed of image acquisition. Light can be collected 
from NV at video rates [177], and electromagnets can be switched on and off at even 
greater rates. Therefore, it should be possible to use this method to image NVs with 
high contrast in noisy backgrounds with near-video framerates. High image 
throughput could be achieved by digitally subtracting every second image from the 
image before it, and electronically synchronising an electromagnet to switch on while 
every second image is being taken. Such a system could help relatively dim NV 
nanodiamonds find more applications in often time-sensitive bioimaging 
experiments. Since the publication of this experiment, advances have been made 
along these lines. A recent experiment [183] use an electromagnet to modulate the 
magnetic field, then used synthetic lock-in post processing to boost the contrast of 
NV luminescence. Using this method, the researchers were able to increase the 
contrast of the image by a factor of 100. 
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Chapter 7 • Vector 
Magnetometry and 
Nanothermometry using NV 
Nanodiamonds 
 
7.1 Introduction 
In this chapter, I outline two experiments. One experiment’s aim is to use nanodiamonds 
containing multiple NV defects to rapidly measure both the magnitude and orientation of 
external magnetic fields. In the other experiment, we use detailed measurements of the 
optically detected magnetic resonance and luminescence spectrum of NV centres in 
nanodiamond to demonstrate high-sensitivity thermometry.  This experiment has been 
published, in [29]. 
These experiments further develop NV nanodiamonds as tools for nanometrology. We 
stand to gain the ability to measure external magnetic fields strength and orientation in a 
single measurement. Our experiment in temperature measurement has enabled the 
measurement of nanodiamond temperature through luminescence measurement alone – 
we do not require an RF source as in ODMR measurements, thus cutting down on 
extraneous heating of samples. This is of critical importance to biological systems, which 
can be damaged by such heating.  
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7.2 Background 
Magnetometry using NV centres in diamond is an area of research that has received 
a great deal of research attention over the years [12, 106], and Optically Detected 
Magnetic Resonance (ODMR), the method by which NV centres are used to 
measure magnetic fields, has quickly become a standard method in the study of NV 
centres [184]. Indeed, optical manipulation of the electron spins in the NV centre are 
one of the defect’s main points of interest as an object of research.  
While the NV centre is among the most accurate magnetometers ever created, 
possessing by far the greatest spatial resolution of all contenders, there is one 
application of NV magnetometry that has remained relatively untested at the 
nanoscale: vector magnetometry. So far, the vast majority of published magnetic 
field measurements using NV nanodiamonds have been scalar measurements, that 
is, measurements of the projection of the magnetic field vector onto the vector that 
describes a single NV axis. Measurement of the orientation of a magnetic field on the 
nanoscale is virtually unheard of, and the most widely available macroscopic vector 
magnetometer is simply three scalar magnetometers attached perpendicular to each 
other. A number of experiments have applied this method to bulk diamond crystals, 
where the crystal orientation, and therefore the possible NV centre orientations, is 
known [184-186]. Incidentally, this is very similar to the NV-based vector 
magnetometer I go on to outline in this chapter.   
Currently, there has been one published attempt to use the NV centre to measure 
the orientation and magnitude of an external magnetic field [187]. They achieved this 
by trapping a diamond with a single NV crystal inside an optical trap. Optical forces 
acting on the centre align the NV axis with the trap. By changing the orientation of 
the trap, the researchers were able to manipulate the orientation of the NV centre 
with a great deal of precision. Using ODMR measurements at constant distance but 
varying angle relative to an external magnetic field, the researchers were able to 
maximise the NV centre’s Zeeman splitting in the presence of the magnetic field. 
Zeeman splitting is maximised when the magnetic field and the NV centre axis are 
parallel to each other, and is minimised when they are perpendicular. In this way, the 
researchers were able to determine the strength and orientation of an external 
magnetic field. 
As stated before, the vector magnetometry method outlined in this paper is similar to 
a macroscopic device consisting of multiple perpendicular scalar sensors. In the 
case of the NV centre, we rely on the fact that a crystal can contain many individual 
centres. However, because of the tetrahedral geometry of the diamond crystal 
lattice, NV centres can only occur in one of four possible orientations relative to the 
lattice. The four possible directions are illustrated in Fig. 7.1. 
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Nanothermometry is also an area of active research, with many potential candidates 
for nanoscale temperature measurements in living cells. Front-running candidates for 
this application are cadmium-based (CdS, CdSe, and CdTe) quantum dots. These 
nanoparticles have been demonstrated to vary in both luminescence and peak 
emission wavelength in response to the ambient temperature [188]. However, these 
particles have a number of downsides. Their luminescence is on occasion 
intermittent, and can be reversibly quenched at high (~413 K) and low (~230 K) 
temperatures, somewhat limiting the range of applications for these thermometers in 
extreme temperature environments, and for long-timescale observations. 
There exist a wide range of other nanoscale thermometers, generally luminescent 
dyes either with thermochromic properties or with measurable, reversible 
luminescence dependence on temperature [189]. However, these probes generally 
have one or more of a fairly common set of problems: dyes tend to bleach and lose 
the ability to fluoresce after a few excitation and emission cycles, some dyes have a 
severely limited range of temperatures over which their luminescence behaviour is 
predictable, while others can be permanently quenched above or below certain 
threshold temperatures. None of these issues plague NV centres in nanodiamond, 
which spurs their use in leading-edge research. These temperature measurement 
methods have a temperature resolution on the order of 0.1-0.2 K in principle, which 
recommends them for some applications in semiconductor manufacture and MEMS 
applications. 
Figure 7.1: The four possible NV orientations 
within a crystal. The angle in green is cos-1(-1/3), 
or 109.4°. Orientations 1 and 2 lie along the x-y 
plane, while orientations 3 and 4 lie along the x-z 
plane. 
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In contrast with these sensors, the NV centre has been demonstrated to be an 
effective nanothermometer. Early, relatively imprecise experiments showed a linear 
dependence of the NV centre’s luminescence lifetime on the ambient temperature 
[23]. Starting with Acosta et al.’s work measuring the zero-field splitting of the NV 
centre’s temperature dependence [19], ODMR has rapidly become the method by 
which researchers are currently attempting to measure temperature using the NV 
centre [22], having a measured temperature resolution of 1.8 mK – 50 to 100 times 
better than competing methods. The method uses the fact that the zero-field splitting 
parameter of the NV centre’s ground state Dgs shows a strong dependence on 
temperature. Measuring the resonance peak of the NV centre in the absence of a 
magnetic field allows us to measure this zero-field splitting parameter directly, giving 
us a simple method of determining crystal temperature, assuming proper calibration. 
Recently, advances have been made in the modelling of 
𝑑𝐷𝑔𝑠
𝑑𝑇
, allowing even more 
accurate temperature measurements using this method [190]. However, this method 
has one downside: ODMR measurements require the presence of a microwave 
antenna in close proximity to the sample. This has the capacity to heat a biological 
sample through resistive heating via the wire and dielectric heating of water and fat 
molecules in the sample. This can be disastrous in a biological context, as some 
cells and processes can be highly sensitive to temperature. We therefore seek a 
method of temperature measurement using NV nanodiamonds that does not require 
heating the sample unduly in this way. 
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7.3 Experimental Setup 
The aim of the vector magnetometry experiment is to measure an RF spectrum for a 
single crystal nanodiamond containing multiple NV centres. When the crystal is 
placed in an external magnetic field, we expect to see that four different NV 
orientations within the crystal respond differently to the magnetic field, given their 
different orientations relative to it. A given set of four pairs of measured resonance 
peaks will correspond to a single magnetic field orientation and strength. In other 
words, a given magnetic field orientation should yield a unique set of resonance 
peaks in a multi-NV crystal.  
For the vector magnetometry experiment, our apparatus is configured for RF 
excitation as in Section 3.7, with the addition of a static magnetic field as specified in 
Section 3.5 of this thesis. Care must be taken to ensure that the magnetic field 
alignment is known, as this is the key to verifying the accuracy of the field 
measurements made by the NV vector magnetometer. Given the fact that some 
pairs of NV centres are almost perpendicular, it is likely that a crystal with one 
orientation strongly corresponding to the external field will also contain an orientation 
that barely responds at all to the field. It is therefore wise to attempt to determine the 
minimum magnetic field strength necessary to generate a resolvably lifted 
degeneracy between the ms = ±1 sublevels of the ground state. As noted in Section 
3.7, the resonance peaks have an average full width at half maximum around 10 
MHz. This sets the minimum resolution to 10 MHz. We therefore want to know what 
magnetic field strength is required to induce a 10 MHz separation between the 
resonance peaks corresponding to the ms = ±1 sublevels of the ground state. If the 
Hamiltonian of the NV system in a magnetic field is given by 
𝐻 = −𝛾𝑩 ∙ 𝑺 + 𝐷𝑆𝑧
2                                                       (7.3.1) 
Where γ is the electron gyromagnetic ratio, S is the spin projection operator of the 
NV centre, B is the magnetic field vector and D is the axial zero-field splitting 
parameter. An extra transverse zero-field splitting component E exists, but is 
negligible in our sample, as demonstrated in Fig. 7.2. The zero-field splitting reflects 
the fact that the ms = 0 and ms = ±1 sublevels are not degenerate in the absence of a 
magnetic field. This degeneracy is thought to be lifted as a result of spin-spin 
interactions between the NV centre’s central electron pair. Zero-field splitting is 
proportional to the displacement between the NV centre’s two central electrons 
[191]. Zero-field splitting is thought to be dependent on crystal temperature because 
temperature-induced lattice expansion changes the displacement of the central 
electrons and their coupling strength. Transverse zero-field splitting, which would be 
expressed in Eq. (7.3.1) as the added term 𝐸(𝑆𝑥
2 − 𝑆𝑦
2), is forbidden under C3v 
symmetry. Strain in the crystal can break this symmetry, however, and this 
symmetry-breaking is more pronounced in nanocrystals than in bulk diamond [19]. 
The magnitude of E is expected to be a few tens of MHz – similar to the resolution of 
our measured RF spectra. At low magnetic field strengths, we would need to take 
7 • Vector Magnetometry and Nanothermometry using NV Nanodiamonds
   
 
93 
 
this effect into account. However in the experiment detailed below, the resonance 
peaks are separated by hundreds of MHz. For this reason, we conclude that there is 
no need to account for this minor effect in our model. We find that a magnetic field 
on the order of 0.2 mT is theoretically capable of generating a resolvably lifted 
degeneracy in the NV centre. Our apparatus is capable of applying between 0.2 and 
400 mT to the sample. We therefore conclude that our apparatus is sufficient for 
measuring magnetic fields by their inducement of the Zeeman Effect on NV centres. 
The aim of the all-optical thermometry experiment is to use the observed 
temperature dependence of the NV centre’s zero-phonon line (ZPL) to measure the 
crystal temperature. We measure the shape of the ZPL using a spectrometer, as 
specified in Section 3.9. To verify our measurements of the crystal temperature, we 
also required either an external temperature probe, or an established method of 
using the NV centre to measure the crystal temperature. We used a heating stage 
capable of raising the temperature to 673 K. The heating stage was able to 
accurately set the diamond temperature to within 1 K of the target. We used this to 
determine the relationship between the ZPL area and the temperature. Once that 
relationship had been accurately calibrated, we could measure the change in crystal 
temperature that resulted from CW heating of the gold substrate. The results of this 
procedure are detailed in the next section. 
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7.4 Results 
Once we have measured a set of resonance peak frequencies in a single multiple-
centre crystal in a magnetic field, determining the strength and orientation of the 
magnetic field is a matter of finding the field most likely to generate the observed set 
of resonance peak frequencies. The result of this process is shown in Fig. 7.2, and a 
general description of the process follows. 
The fitting algorithm takes the resonance peak positions (in the presence and 
absence of a magnetic field) as inputs, along with an initial estimate of the magnetic 
field strength and orientation. The magnetic field estimate is entered into a 
subroutine that models the expected resonance peak positions by finding the 
eigenvalues of the Hamiltonian in Eq. (7.3.1). This model is then compared to the 
measured resonance peaks - a chi-squared test determines the accuracy of the 
model.  A simplex search method implemented using MATLAB’s fminsearch function 
is used in conjunction with the subroutine to find the magnetic field strength and 
orientation that best matches the resonance peak data provided. The results of this 
process are demonstrated in Fig. 7.2 – resonance peak positions are reproduced to 
within 0.6 MHz, with the exception of several resonance peaks predicted by the 
model that do not appear in the data. More discussion on these ‘missing’ resonances 
follows in Section 7.5. The predicted field strength is within 1.5 mT of the expected 
value, which falls well within expectations considering the uncertainty in magnet 
placement (refer to Section 3.5 for further detail on this point).   
As has been established, the zero-phonon line of the NV centre changes with 
temperature [1]. However, we require a way of quantifying this change if we are to 
use this temperature dependence to meaningfully measure temperature. The metric 
we chose is the Debye-Waller Factor (DWF) [192], which can be measured in a 
luminescence spectrum as the ratio of the area under the ZPL to the area under the 
total emission band. In terms of photons collected by the CCD, we can define the 
DWF like so: 
𝐷𝑊𝐹 =
𝑁𝑍𝑃𝐿
𝑁
                                                     (7.4.1) 
Where NZPL is the number of photons collected from the ZPL, and N the total number 
of photons in the emission spectrum. At a minimum, these measurements will be 
shot noise limited, which makes their standard deviations 𝜎𝑁𝑍𝑃𝐿 = √N𝑍𝑃𝐿 and 
𝜎𝑁 = √N. 
When the temperature of a crystal is below a limit called the Debye temperature, TD, 
the DWF can be related to the crystal temperature by the simple Debye model: 
𝐷𝑊𝐹 = exp (−𝑠 (1 +
2
3
𝜋2𝑇2
𝑇𝐷
2 ))                                 (7.4.2) 
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The Debye temperature is a parameter that reflects the fact that there is a limit on 
the number of vibrational modes that can occur within a solid. The Debye 
temperature is the temperature that corresponds to this mode number. In bulk 
diamond, TD is around 2220 K. We set TD as a fitting parameter in our calibration, 
however, and find that in nanodiamond TD is (1614 ± 23) K. This is expected, as it is 
a well-established fact that the Debye temperature can vary in similar materials 
[193]. The Debye temperature can also vary significantly when far away from the 
low-temperature regime in which the 2220 K value was measured [194]. 
Our results are shown in Fig. 7.3. We wish to know the maximum temperature 
resolution δTmin of this technique. The temperature resolution here is the change in 
temperature that corresponds to the smallest measurable change in the DWF: 
𝛿𝑇𝑚𝑖𝑛 = 𝜎𝐷𝑊𝐹 (
𝑑DWF
𝑑T
)
−1
                                            (7.4.3) 
To find the smallest measurable change in the DWF σDWF, we consider the definition 
in Eq (7.4.1). Finding σDWF is simply a matter of propagating the uncertainties in NZPL 
and N. 
σDWF
𝐷𝑊𝐹
= √(
√NZPL
NZPL
)
2
+ (
√N
N
)
2
                                                     
σDWF
𝐷𝑊𝐹
= √
NZPL
NZPL
2 +
N
N2
                                                                      
σDWF
𝐷𝑊𝐹
= √
N 𝐷𝑊𝐹
N2𝐷𝑊𝐹2
+
N
N2
                                                               
σDWF = 𝐷𝑊𝐹√
1 + 𝐷𝑊𝐹
N 𝐷𝑊𝐹
                                                               
σDWF =
√𝐷𝑊𝐹 + 𝐷𝑊𝐹2
√𝑁
                                                   (7.4.4) 
 Placing this result back into Eq (7.4.3), we have: 
𝛿𝑇𝑚𝑖𝑛 =
√𝐷𝑊𝐹 + 𝐷𝑊𝐹2
√𝑁
(
𝑑𝐷𝑊𝐹
𝑑T
)
−1
                                                  
≈
√DWF
√𝑁
(
𝑑DWF
𝑑T
)
−1
                                                   (7.4.5)  
To make this model more detailed, we note that the number of photons collected N is 
the product of the measurement time τ, collection efficiency µ (0.021, [2]), NV 
emission rate γ (~40 MHz at saturation [108]), and number of NV emitters n. 
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Correspondingly, we can define a ZPL emission rate 𝑁𝑍𝑃𝐿 = 𝑛𝜇𝛾𝐷𝑊𝐹. There exists a 
background noise contribution from various sources, including the neutral NV 
species. For a Lorentzian curve [195], this contribution contributes a factor of 
√1 + 3𝑟 to the measurement, where r is the ratio of the background intensity under 
the ZPL to the peak intensity of the ZPL. The sum of all of the noise contributions, 
known as the noise floor ηT, can be expressed as 
𝛿𝑇𝑚𝑖𝑛√𝜏 = √(1 + 3𝑟)𝐶𝑍𝑃𝐿
−1
2 𝛷                                        (7.4.6) 
Where we additionally define 
Φ = DWF (
𝑑DWF
𝑑𝑇
)
−1
                                               (7.4.7) 
With DWF measured as 0.005 in this experiment, we find that a single NV centre will 
have a temperature noise floor of 2.3 K Hz-1/2. Increasing the number of centres 
reduces the noise floor, and a 500-centre crystal, as used in a recent proof-of 
principle biological thermometry experiment [22], can yield a noise floor around 0.1 K 
Hz-1/2. This is two orders of magnitude larger than the projected noise floor for 
ODMR-based NV temperature measurements with similar NV numbers, but the all-
optical nature of the measurement is compelling nonetheless.
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b) 
a) 
Figure 7.2: (a) Four example spectra measured in the absence of a magnetic field. The zero-field 
resonance peak is used for the value of D in the Hamiltonian of Eq. (7.3.1). This measurement 
shows a single well-defined resonance, implying a negligibly small transverse zero-field splitting 
in these crystals. 
(b) Four example RF spectra, measured with magnetic fields between 4 and 5 mT. The black dots 
are the measured data, while the red lines show the Lorentzian fits used to determine the 
resonance peak positions. The blue lines are the expected resonance peak positions based on the 
magnetic field fitting procedure outlined in Section 7.4. In each fit, one or more expected 
resonance peaks do not appear in the experimental data. This unexpected result is speculated on 
in Section 7.5. These are highlighted with thinner blue lines. The bottom left crystal, measured at 
4.2 mT, shows more resonance peaks than the others measured with a field strength of 5.1 mT. 
(b, inset) The red line in the inset NV diagrams shows the magnetic field orientation calculated by 
the model. The other lines represent the four NV orientations. The predicted field strengths were 
(clockwise) 4.8 mT, 4.8 mT, 4.1 mT, 4.6 mT. 
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Figure 7.3: (a) The ZPL of the NV- centre. The blue dots indicate the measured luminescence 
spectrum data, and the red solid line is the final fit. The red dashed line is the component of the 
fit that accounts for the slope of the phonon sideband. The two black lines with labelled peaks 
are the two strain-split Lorentzians used to fit the ZPL. Strain splitting varies between individual 
crystals. 
(b) The calibration curve: DWF as a function of oven temperature. We are able to fit Eq. 7.4.1 to 
this line, which allows us to find TD and s -  (1614 ± 23) K and 4.57 ± 0.07 respectively. 
(c) The measurement curve: DWF as a function of laser power. The laser power causes the 
diamonds on the gold substrate to become heated, and this heating is measured as a change in 
the DWF. With this measurement we can fit the electron-phonon coupling s as a free parameter 
again, finding it to be 4.79 ± 0.06. We find that the temperature T is linearly dependent on the 
laser power Plas, with T=T0 + 0.51(3) KmW
-1 * Plas, with room temperature T0 being 294 K. 
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7.5 Conclusion 
The method described above for measuring the orientation of an external magnetic field 
using the NV centre has a number of limitations. Fortunately, these limitations provide 
guides for future work on the NV centre.  
The most constraining limitation of this method is the need for an absolute measurement 
of either nanocrystal orientation or magnetic field. Our orientation-determining method only 
finds the field orientation relative to that of the NV crystal. To determine an unknown field 
orientation, we need an absolute measurement of NV crystal orientation, and vice versa. 
As noted in Section 7.2, NV orientation measurement and vector magnetometry have been 
achieved using optical trapping, which allows free rotation of the NV centre through space. 
However, the potential strength of our method lies in our ability to conduct vector 
magnetometry using a single RF spectrum measured on a single diamond containing 
multiple NV centres, so we seek other methods for absolute NV orientation determination. 
Such measurements are not in principle impossible. Electron microscopy is capable of 
imaging the diamond lattice directly to determine lattice orientation. X-ray scattering 
through the crystal can also be used to measure the crystal orientation. In the absence of 
a more convenient method of orientation measurement, unambiguous magnetic field 
orientation measurement using the method described will require prior measurement and 
fixing of the nanodiamonds’ spatial orientation, which is quite cumbersome. The simplest 
yet least accurate method of determining crystal orientation is to calibrate it against a 
magnetic field of known orientation. Even if we cannot measure four resonance peaks in a 
crystal, calibration against two different known magnetic field orientations will 
unambiguously determine the NV centre orientation. The accuracy of this method depends 
on our ability to align the magnetic field accurately. Another potential problem with this 
method lay in one of our key assumptions. We assume that the distribution of NV centre 
orientations in a crystal is uniform. Lacking a compelling reason not to, all of our models so 
far have assumed that all NV orientations occur with equal probability. This assumption 
was also used in our measurement of the NV centre’s absorption cross-section – we 
assumed the luminescence output observed was the average emission from all four NV 
orientations. The fit described in Section 7.3 only uses the resonance peak positions and 
not their magnitudes to determine the orientation of the external magnetic field, which in 
principle makes the measurement fairly robust to non-uniform NV orientation distributions. 
However, a sufficiently uneven orientation distribution could in principle generate 
ambiguous results. 
Another potential source of ambiguous results are twin defects in the diamond crystal, 
where growth continues in a different orientation, a defect more common in CVD and 
detonation nanodiamonds. The presence of such defects should in principle be relatively 
easy to recognise in our results, as the ODMR spectrum would show ‘extra’ resonance 
peaks that our 4-orientation model fails to predict. If anything, we have observed the 
opposite phenomenon: ODMR spectra consistently show a smaller number of resonances 
than expected, though the resonances that do appear conform to our 4-orientation 
monocrystalline model. 
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As shown in Fig. 7.2, many crystals appear to have centres in only two orientations, 
despite the fact that the crystals under observation have around 10-15 centres per crystal 
– which should ensure at least 2 centres per orientation per crystal. More measurements 
are needed to determine whether this observed tendency is truly statistically significant. 
We conducted this experiment using the 35 nm crystals in our possession, but greater 
statistical certainty can be gained by making the same measurements with 100 nm NV 
crystals, which contain on the order of 500 centres per crystal. If a significant number of 
multi-centre crystals were observed to contain only two centre orientations, we would need 
to determine what part of the NV implantation process causes this phenomenon. Such an 
understanding could allow us to control the NV orientations implanted in a crystal. This 
would go a long way toward eliminating, or at least mitigating, the problems described 
above. 
Should the problems described above be overcome, vector magnetometry using single 
measurements of multiple-NV crystals will be possible, albeit at reduced sensitivity 
compared to single-centre scalar magnetometry. A successful vector magnetometry 
measurement also opens the way for vector electrometry. Electric fields also lift the 
degeneracy of the ms = ±1 sublevels of the NV centre. This Stark shift is analogous to the 
Zeeman shift induced by external magnetic fields [105]. 
The development of an all-optical thermometric technique on the nanoscale using the 
Debye-Waller Factor in the NV centre represents a significant advance for nanometry. The 
functioning of biological systems depends critically on environmental temperature, which 
stresses the importance of accurate temperature measurement and the elimination of 
extraneous heat sources. By eliminating the need for an external RF source, we prevent 
this source of extraneous heat from interfering with NV-based temperature measurements 
within biological systems.  
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Chapter 8 • Conclusions 
 
8.1 Introduction 
This thesis represents several steps in the development of Nitrogen-Vacancy 
Nanodiamond as an effective optical label for measurements of temperature and 
electromagnetic fields in cellular environments, and as a tool for nanometry and quantum 
information techniques. In this thesis I cover concrete progress in many areas of 
nanodiamond research, demonstrating that optical interactions alone can be used to 
control NV spin polarisation and measure NV temperature. I develop a method for high-
contrast imaging of NV centres using magnetic modulation, and also show a method for 
measuring the Raman scattering of water to an unprecedented level of accuracy. This 
thesis also contains the outlines of two more experiments: one aimed at measuring NV 
concentration in aqueous nanodiamond suspensions, and another whose aim is to use 
multiple NV centres in a single nanodiamond to measure the orientation and strength of an 
external magnetic field.  
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8.2 Summary of Results and Implications 
We attempted to develop a novel method for measuring the concentration of 
Nitrogen Vacancy centres in aqueous suspensions of nanodiamond by comparing 
NV emissions to the Raman scattering coefficient of water. Our method has a flaw in 
that it does not differentiate by crystal size. The method is only able to determine the 
average NV concentration in a sample. This is troublesome since the NV 
concentration varies according to the third power of the crystal size. However, in the 
process of developing this method, we measured the Raman scattering coefficient of 
water to an accuracy of 2% by using Rhodamine 6G as an absolute reference. 
Previous measurements had used benzene, achieving only 10% accuracy. 
This more accurate measurement of Raman scattering in water has many 
applications in biology and chemistry. Previously, the Raman scattering coefficient of 
water was not known well enough to use it as a spectrographic standard. Now, 
concentration measurements in aqueous solutions can be achieved by comparison 
to the water solvent. This obviates the need for more complex concentration 
measurement methods, or transfer of the solute into better-characterised solvents. 
Our exploration of the NV centre’s luminescence response to high-intensity 
excitation has led to two main results. The NV centre is spin-polarised into the ms = 0 
sublevel by optical pumping with a pulsed laser at 532 nm, and we have shown that 
higher intensities can be used to photoionise and rapidly recombine the NV centre 
such that this spin polarisation is lost. 
Independent of this result, we also show that high-intensity continuous-wave 
excitation can be used to measurably heat NV-containing nanodiamonds. The zero-
phonon line of the NV centre shows reproducible and predictable changes with 
temperature, meaning that temperature changes in the NV centre can be measured 
with a measurement of the NV centre’s luminescence spectrum alone. 
These results have implications for our understanding of the NV centre, and its 
development as a nanothermometer. By examining the repolarisation of the NV 
centre after laser-induced spin depolarisation, we were able to determine the manner 
in which spin polarisation occurs in the NV centre. This process occurs mainly via 
nonradiative processes, and has been difficult to examine before. We determined 
that the nonradiative relaxation process does not exclusively go into the ground 
state, which limits the range of possible structures for the states collectively referred 
to as the ‘metastable state’ in the NV centre. All-optical spin depolarisation is in itself 
a development worthy of note, since it is normally impossible to achieve this under 
optical pumping without the presence of an external magnetic field. 
Our use of the zero-phonon line to determine nanodiamond temperature is novel, 
and has potential use in the life sciences. Prior to this method, temperature 
measurement using the NV centre required measurements of the magnetic 
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resonance of the NV centre’s ground state splitting. This measurement is done in the 
presence of a strong microwave-frequency field – potentially harmful for living 
specimens. The method we develop is less accurate than that one, but it is all-
optical, requiring only the ability to measure a luminescence spectrum from the NV 
diamond. The demonstrated laser heating could also potentially be used in biological 
experiments – in much the same way that gold micro- and nano-spheres are used 
currently. 
We also studied the NV centre’s responses to magnetic fields. We successfully 
developed a method in which modulation of an external magnetic field could be used 
to clearly distinguish NV nanodiamonds from a virtually identical background. We 
also attempted to leverage the NV centre’s magnetic resonance splitting in the 
presence of a magnetic field to develop a vector magnetometer, as the four possible 
NV orientations in a crystal respond differently to the same magnetic field. 
The development of high-contrast imaging using NV centres is important considering 
the relatively low brightness of NV centres compared to competing labels. Boosting 
NV contrast is important for overcoming this limitation. The development of vector 
magnetometry using the NV centre is a useful addition to the NV centre’s proven 
capability as an effective magnetometer, as knowledge of field orientation is key to 
effective field measurement – especially in the case of single-NV nanodiamonds 
used in more accurate magnetometry. 
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8.3 Perspectives 
There are many potential avenues of inquiry opened up by the work conducted in 
this thesis. 
The two most obvious next steps are the further development of the unpublished 
experiments described here: the NV concentration measurement and the vector 
magnetometry experiment. As stated in their respective chapters, some work is 
required to get useful results from these experiments. Effective measurement of the 
NV concentration in nanodiamonds requires the ability to separate crystals by size. 
Finding a way to independently verify the particle size distribution along the length of 
a centrifuged suspension will be key to the further development of this method. 
The vector magnetometry experiment is somewhat further from wide application, as 
it has a number of limitations. First of all, the method is only capable of determining 
the orientation of a magnetic field relative to the axes of the NV centres in the 
nanocrystal. If the crystal orientation is unknown, the magnetic field orientation 
measurement is of course useless. Secondly, the majority of crystals whose 
magnetic resonance behaviour was measured showed only two splittings, implying 
some homogeneity in centre alignment. The measurements were conducted on 35 
nm diamond, and the likelihood of many NV centres existing in single crystals is 
expected to decrease with the cube of the crystal size. The most sensitive magnetic 
field measurements demand 5 nm crystals, which are highly unlikely to contain 
multiple NV centres. This limits the minimum field strength on which this method 
could potentially be applied. The frequency distribution of NV centre orientations in 
multiple-NV crystals is also an avenue for future investigation. It is possible that 
some yet-undiscovered aspect of the NV implantation process prevents NV centres 
of all orientations from being produced. If this is the case, such a result could aid 
immensely in nanomagnetometry, as nanocrystals could be aligned along one of the 
primary NV axes to maximise magnetic field sensitivity. 
Our accurate measurement of the Raman scattering coefficient of water enables a 
large number of future experiments. With this result, we can measure the 
concentration of various solutes in aqueous solution optically, by comparing their 
extinction coefficient or luminescence output to the Raman scattering coefficient of 
water. As covered in Chapter 4, this is a key part of a successful NV concentration 
measurement. However, the result also has potential use in other measurements – 
for example, the concentration of aquatic microorganisms in seawater, and gas 
concentrations in the atmosphere. 
Our claim that spin depolarisation is the cause of the anomalous luminescence 
behaviour reported in Chapter 5 could potentially be verified even more strongly in a 
number of ways. Optically-detected magnetic resonance is a widely-used method of 
transferring the spin-polarised population of the NV centre between the ms = 0 and 
ms = ±1 spin sublevels and measuring the sublevel populations. Furthermore, 
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relaxation within the metastable state is radiative, with a transition energy of 1.19 eV. 
Both of the above methods could be used to further confirm our assertion of spin 
depolarisation. 
Our second assertion regarding the spin-depolarisation phenomenon – namely, that 
fast ionisation and recombination causes the NV centre to lose its spin polarisation – 
is worthy of further investigation. It is likely that spontaneous recombination requires 
the presence of other defect centres or impurities in close proximity to the NV centre 
undergoing ionisation. If this is the case, we might expect to see ionisation without 
recombination in ultrapure diamond samples. If the ionised electron is captured by 
another nearby colour centre, we may not see recombination and spin depolarisation 
in single-NV centres. Considering that these results were observed in nanocrystals, 
the proximity of the diamond surface may also have an effect on the recombination 
process. If this is the case, NV centres deeply implanted in bulk diamond would not 
show the same recombination and spin depolarisation behaviour. Determining the 
circumstances under which this spin depolarisation occurs could yield insight into the 
neutrally-charged centre, and the process of photoconversion between the 
negatively- and neutrally-charged NV species. 
The demonstration of contrast enhancement using external magnetic field 
modulation is important when considering the NV centre’s relatively low brightness 
compared to other fluorescent labels. As noted in Chapter 6, this method has already 
been used to great effect by rapidly modulating the external field, thus enabling time-
sensitive measurements to be conducted with enhanced contrast. 
The development of an all-optical method for measuring temperature on the 
nanoscale is an important one. Nanothermometry is an area of intense research 
focus of late. Minute temperature gradients inside the cellular environment are one of 
the main drivers of cellular function, which means that accurate measurements of 
these temperature variations are key to the understanding and control of these 
processes. The recent rapid development of nanoscale probes allows us to make 
these measurements for the first time, and the all-optical method outlined in Chapter 
7 is the first nanothermometry experiment using NV centres that does not rely on 
magnetic resonance measurements, which is to say that this experiment is the first 
demonstration of non-disruptive temperature measurement using NV nanodiamond. 
Our investigations into the NV centre have also given us insight into the excited state 
dynamics of the NV centre. Given that relaxation from the excited state is the basis 
of optically-detectable spin polarisation in the NV centre, it is of utmost importance 
that all efforts be made to better understand the electronic structure of the excited 
state. 
Nanometrology, especially involving the NV centre in nanodiamond, is a rapidly 
advancing field. There are many methods yet to be explored and questions yet to be 
answered. This thesis represents one part of this rapidly advancing field. 
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